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SUMMARY: Thermal analysis has been applied as a quality control tool in aluminium casting plants for many 
years. Recently, it has been recognized that the cooling curve and its first derivative analysis offer parameters 
that can successfully be used in simulation software programs to improve simulation accuracy. The latest devel-
opments in cooling curve analysis are related to the application of higher order derivatives, showing that the 
thermal analysis technique can be applied to calculate the total amounts of different phases precipitated in 
the solidification process, including copper-rich eutectic. This paper gives a short overview of cooling curve 
applications in aluminium casting plants, and the impact of lead on solidification characteristic temperatures 
of AlSi6Cu4 alloy.
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RESUMEN: Revisión de las aplicaciones del análisis térmico en las plantas de fundición de aluminio. El análisis 
térmico ha sido usado como una herramienta de control de calidad desde hace tiempo en las plantas de fundición 
de aluminio. Recientemente ha sido reconocido que el análisis de la curva de enfriamiento y su primera derivada 
ofrecen algunos otros parámetros que pueden ser usados de manera exitosa en los programas de simulación para 
mejorar su precisión. Los nuevos desarrollos en el análisis de la curva de enfriamiento aplicando las derivadas 
de orden superior han mostrado que la técnica del análisis térmico puede aplicarse para calcular la cantidad de 
precipitados en el proceso de solidificación. Este artículo proporciona una pequeña revisión de la aplicación de 
la curva de enfriamiento en las plantas de fundición de aluminio y del efecto del plomo sobre las temperaturas 
características de solidificación de la aleación AlSi6Cu4.
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1. INTRODUCTION

In the last few decades, modern aluminium cast-
ing plants have been forced to produce an increas-
ing number of aluminium cast parts of extremely 

high quality with less scrap. In order to be able to 
fulfil these requirements, it was necessary to develop 
quality tools that will immediately predict the final 
quality of cast parts prior to casting. Among them, 
Thermal Analysis (TA) has been widely applied in 
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aluminium casting plants to control the quality of 
the melt. Thermal analysis as a quality control tool 
has been used for over seventy years in cast iron 
plants. During the last forty years, there have been 
few changes in aluminium casting plants in terms of 
process and quality control. The process and qual-
ity control based on the solidification path of alu-
minium alloys is obtained by plotting temperature 
versus time. The plotted curve is called the cooling 
curve and together with its first derivative, it has 
been used to characterise the solidification path of 
alloys. Easy to handle, inexpensive, simple, accurate 
with high repeatability and reproducibility are some 
of the properties that foster the use of this system at 
aluminium foundries.

In most aluminium casting plants, thermal anal-
ysis equipment has been used to control the mas-
ter alloy additions and their efficiency. Measuring 
the depressions produced by primary solidification 
of α-Al (ΔT=Tα−Al

MAX −Tα−Al
MIN) or the depression 

produced by AlSi eutectic and its plateau tempera-
ture (ΔT=TAlSi

PLATEAU without Sr−TAlSi
PLATEAU with Sr), the 

efficiency of master alloy additions can be evalu-
ated before casting. Besides quality control, cooling 
curve analysis has recently become an interesting 
source of input data for simulation software pack-
ages. Available simulation software packages have 
data banks for a few generic Al-alloys. In real pro-
duction, chemical compositions of Al-alloys have 
significant variations in comparison with the con-
tents of alloying elements of software package data 
banks, which significantly affect all solidification 
parameters (solidification characteristic tempera-
tures, solid fraction, latent heat and many others). 
Therefore, the application of thermal analysis as 
input data for simulation packages should be an 
additional challenge for thermal analysis. 

The main aim of this paper is to demonstrate 
the ability of thermal analysis to control the pro-
cess, quality and to improve the simulation tools, 
using the cooling curve and its first and higher order 
derivatives. 

The procedure to plot the cooling curve is very 
simple. Liquid aluminium melt is preheated to 
approximately 100 °C above its liquidus tempera-
ture and is then poured into a thermal analysis 
cup made of ceramic, steel, graphite or sand. One, 
two or more thermocouples are immersed into the 
melt, connected to data loggers. Collected signals 
from thermocouples are transferred into tempera-
tures, providing a plot of temperature versus time. 
The plot of temperature versus time is identified as 
the cooling curve, and has been used to describe the 
solidification path of different alloys. Some ther-
mal weaknesses, which are not visible on the cool-
ing curve, can only be detected using the derivative 
curve of the cooling curve (Bäckerud et al., 1986a; 
Sparkman, 2011) started to apply first, second or 
higher order derivatives of the cooling curve in 

order to identify more accurately the solidification 
characteristic temperatures and they recognised 
some other features of solidified alloys. They also 
introduced the application of two thermocouples, 
one located in the centre and the other close to the 
wall of the thermal analysis cup (Bäckerud et al., 
1986a; Bäckerud et al., 1986b). By calculating the 
difference between the measured temperatures in 
the centre and in the wall (ΔT=Twall−Tcentre) and plot-
ting the difference versus time, he was able to detect 
the dendrite coherency point/temperature at which 
dendrites start to impinge on each other during their 
growth. 

Solidification of any Al-alloy starts at liquidus 
temperature, with the formation of small solid par-
ticles of α-Al nucleus. This temperature delineates 
the transformation between the liquid and solid con-
dition. Further cooling of the melt, sometimes sup-
ported with the addition of some foreign particles 
(grain refiners), allows the formation of millions 
of other nucleus and they start to grow with a den-
dritic form. At a certain temperature below liquidus, 
these dendrites start to touch each other and form a 
solid skeleton in the residual melt. The temperature 
at which this happens is called dendrite coherency 
temperature and is extremely important for many 
metallurgical and mechanical properties of cast 
parts. Cooling the melt to a lower temperature, the 
primary AlSi eutectic starts to precipitate. In alloys 
with higher silicon content, this precipitation will 
take longer and will release significantly more latent 
heat. The presence of other alloying elements, such 
as copper, magnesium, iron and particularly stron-
tium and sodium significantly depresses the start of 
precipitation towards a lower temperature. Close to 
the end of solidification, copper-rich phases start to 
precipitate in some alloys with a minimum copper 
concentration. Depending on the amount of cop-
per and the presence of other alloying elements, the 
copper phase can appear in several forms (blocky, 
eutectic and fine eutectic form) (Samuel et al., 1996; 
Djurdjevic et al., 2001a). The temperature at which 
the last drop of liquid is transformed into solid is 
called solidus temperature. In Al- alloys with a mini-
mum concentration of magnesium and iron, their 
corresponding intermetallics also start to precipitate. 
The temperature at which these intermetallics appear 
depends on their concentration and their process 
parameters. All of the aforementioned characteristic 
solidification temperatures of Al-alloys can be deter-
mined/measured using cooling curve analysis.

1.1. Theoretical basis

When a metal is cooled from the liquid to the solid 
state, exothermic and endothermic events occur. An 
exothermic reaction during cooling occurs when the 
atoms become more ordered, increasing the entropy 
and releasing heat. Metal expands as it is heated. 
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In the case of endothermic reactions during cool-
ing, the atoms become less ordered, absorbing heat 
and shrinking. Plotting the cooling curve and their 
derivatives versus time, enables these exothermic 
and endothermic events to be identified, and they 
can determine different characteristics, such as grain 
size, eutectic structure, precipitation and formation 
of different compounds and phases. Metallurgical 
reactions are presented in the cooling curve as 
inflection points and as slope changes. Some trans-
formations can only be detected with the first and 
consecutive derivatives, due to the low heat involved 
in the transformation. First derivative represents the 
cooling speed during the specimen solidification.

Temperature is a thermodynamically extensive 
property that does not depend on the size of the ther-
mal analysis test samples. On the other hand, time is 
an intensive property that is very sensitive to the ther-
mal mass. Very often the mass of the thermal analy-
sis test sample is a parameter that cannot be constant 
during thermal analysis experiments. Therefore, from 
the thermodynamic perspective, use of temperature 
as the independent variable is more practical.

2. MATERIALS AND PROCEDURES

2.1. Materials

An AlSi6Cu4 alloy was made by melting a com-
mercial ingot. The chemical composition of the 
base alloy determined using an Optical Emission 
Spectroscopy (OES) is presented in Table 1.

2.2. Thermal Analysis Procedure 

The aluminium alloys were melted in an electric 
resistance furnace with a capacity of 10 kg. No grain 
refining or modifying agents were added to the melt. 
Approximately 250 g of molten aluminium was 
poured into thermal analysis steel test cups to obtain 
the samples. Two especially designed, supersensitive 
K-type thermocouples (with extra low thermal time 
constants) were used to record sample tempera-
tures (between 750–400 °C). One thermocouple was 
located in the centre and the second thermocouple 
was placed near the cup wall. The data acquisition 
system was a National Instrument NI 9211 data log-
ger with 4 channels; a 24-bit Analogue-to-Digital 
Converter (ADC, Delta-Sigma type). The applied 
sampling rate was 10 samples/second with a voltage 
measurement range of ±80 mV. K-type thermocou-
ples have a measurement sensibility <0.07 °C (max. 

error for this type of thermocouple for a temperature 
range between 400 and 800 °C is >0.30 °C). The tip 
of the thermocouple was always kept at a constant 
height of 15 mm from the bottom of the crucible. 
The cooling conditions were kept constant during 
all experiments and were approximately 0.12 °C s−1. 
The cooling rate was calculated as the ratio between 
liquidus and solidus temperature and the total solid-
ification time. Each TA trial was repeated twice. 
Consequently, a total of eight samples were gath-
ered. The derivatives were calculated using a stan-
dard differential quotient derivative algorithm. The 
derivative for each data point is calculated from the 
average differential quotients of two data points 
adjacent to the data point of interest. This proce-
dure is applied to all data points. It is assumed, that 
data points are available in ascending order in rela-
tion to the x-axis of the data object. The derivative is 
calculated from both sides of a data point as follows:

There are two adjacent data points P1(x1; y1) and 
P3(x3; y3) next to the data point P2 (x2; y2), as we can 
observe in Figure 1.

The differential quotients must be calculated to 
obtain the slopes S21 between points P2 and P1 and 
S32 between the data points P3 and P2 as follows 
equation (1):
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The derivative D2 of data point P2 is calculated as 
average of the slopes S21 and S32 by means of equa-
tion (2);

S
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The signal-to-noise ratio (SNR) of a signal can 
be enhanced by hardware or software techniques. 
The wide use of personal computers in the casting 
industry and their inherent programming flexibil-
ity make software signal smoothing (or filtering) 
techniques especially attractive. The available lit-
erature provides various algorithms for smoothing 
such as Moving average algorithm, Savitzky-Golay, 

Table 1.  Chemical compositions (wt. %) of 
base AlSi6Cu4 alloy

Si Cu Fe Mg Mn Zn Ni Al

5.78 3.96 0.07 0.13 0.01 0.01 0.009 rest Figure 1.  Determination of derivatives by the standard 
differential quotient derivative algorithm.
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Ensemble average and many others. The moving 
average algorithm has been selected because it is the 
simplest software technique for smoothing signals 
consisting of equidistant points. An array of raw 
(noisy) data y1, y2, …, yn can be converted to a new 
array of smoothed data. The “smoothed point” (yk)
s is the average of an odd number of consecutive 
2n+1 (n=1, 2, 3, …) points of the raw data yk-n, yk-n+1, 
…, yk-1, yk, yk+1, …, yk+n-1, yk+n, i.e.

The odd number 2n+1 is usually named filter 
width. The greater the filter width, the more intense 
the smoothing effect. 

The signal-to-noise ratio may be further enhanced 
by increasing the filter width or by smoothing the 
data multiple times. Obviously after each filtering, 
the first and the last points are lost.

The results of this technique are deceptively 
impressive because of excessive filtering. Actually, 
information is lost and/or distorted because too much 
statistical weight is given to points that are far from 
the central point. Moving average algorithm is partic-
ularly damaging when the filter passes through peaks 
that are narrow in comparison to the filter width.

Results processing includes the smoothing of the 
curves by using average windows method with an 
event number of 21.

3. RESULTS AND DISCUSSION

3.1. Primary solidification of `-Al solid solution

Depending on the alloy composition, the dif-
ferent solidification temperatures change, but as 
we are going to observe, the start of solidification 

and formation of primary α-Al solid solution, the 
precipitation of the Al-Si eutectic along with other 
eutectics can be obtained. Figure 2, represents the 
cooling curve of AlSi6Cu4 aluminium alloy and its 
DT and first second and third derivative curves.

The blue dotted line represents the cooling curve 
of investigated alloy. Three distinctive parts can be 
easily recognized on the cooling curve. The first one 
is related to the start of solidification and formation 
of primary α-Al solid solution. The second plateau is 
connected to the precipitation of Al-Si eutectic. The 
third part of the cooling curve shows the precipitation 
of copper-rich eutectic. The first, second and third 
derivative curves represented in Figure 2, have been 
colored green, red and black, respectively. Along with 
the delta T curve, the aforementioned curves portray 
the precipitation areas of the aforementioned phases 
more clearly and determine their characteristic solidi-
fication temperatures more accurately. 

Figure 3 represents the segment of  Figure 2 
related to primary solidification of  AlSi6Cu4 alloy. 
This segment highlights the importance of  deriva-
tive curves in order to determine the characteris-
tic solidification temperatures more accurately. As 
can be seen from Figure 3, the intersection of  zero 
axes with the second or third derivatives of  the 
cooling curve have been used to detect the nucle-
ation and minimum temperatures of  primary α-Al. 
The minimum nucleation temperature has been 
determined using the same aforementioned princi-
ple, applying the first derivative curve. Subsequent 
solidification characteristic temperatures of  pri-
mary α-Al segment have been determined applying 
the aforementioned method: TLIQ

NUC=617.44  °C; 

Figure 2.  Cooling curve of AlSi6Cu4 alloy and ΔT, first, second and third derivative curves.
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TLIQ
MIN=607.36  °C and TLIQ

MAX=609.18 °C. The 
temperature difference between TLIQ

MAX and TLIQ
MIN 

(ΔT=TLIQ
MAX – TLIQ

MIN ) has been used in the foundry 
as a criterion to estimate the efficiency of  grain 
refiners. The smaller the values of  ΔT, the smaller 
the grain size and the better the mechanical and 
metallurgical properties of  the cast structure.

3.2. Dendrite coherency temperature

Dendrite coherency temperature (DCP) has not 
often been used in aluminium foundry. But this 
temperature is a very important parameter for sim-
ulation, because it defines the temperature at which 
mass feeding starts to be restricted. Further feed-
ing is possible by melt flow through interdendritic 
channels by gravity force (so called interdendritic 
feeding). This parameter has recently been deter-
mined using the cooling curve analysis and apply-
ing the two thermocouples technique developed by 
Bäckerud et al. (1986a) and Bäckerud et al. (1986b).

According to Figure 4, the minimum at the delta T 
curve corresponds to the dendrite coherency temper-
ature and for this particular alloy it was 608.22 °C.

The different thermal conductivity in the liquid 
and the solid state is the main reason why at this 
point there is a difference in the measured tempera-
tures between the two thermocouples, located in the 
centre and close to wall of thermal analysis cup. The 
available literature provides a few others methods 
that have been used to detect this parameter. 

Jiang et al. (1999), Djurdjevic et al. (2012a) and 
Djurdjevic et al. (2001b) used one (Tc) thermocouple 

located in the centre of  the TA cup to determine 
the DCP temperature characteristics. The DCP 
is defined as the minimum point on the second 
derivative curve. At that time, inventors of  the sin-
gle thermocouple technique proved that this is a 
convenient way of  obtaining the required informa-
tion. However, later work has shown that the ther-
mal signal is sometimes so weak that it cannot be 
properly detected on the second derivative curve. 
Colas and a group of  authors (Chávez-Zamarripa 
et al., 2007) applied three thermocouples located 
in the centre, middle, and close to the wall of  steel 
and graphite crucibles to measure the variation in 
the thermal diffusivity of  A319 alloy (AlSi7Cu3). 
Comparing this method with the other aforemen-
tioned methods, it was concluded that all three 
methods yield similar results and can be used to 
evaluate the DCP temperature (Djurdjevic et al., 
2012b).

3.3. Precipitation of Al-Si eutectic

Aluminium hypoeutectic alloys have been devel-
oped to provide a range of  properties and charac-
teristics to meet the needs of  various applications, 
mostly automotive. In order to increase alloy prop-
erties, the cast silicon structure of  these alloys is 
modified by adding different amount of  modifiers 
(strontium or sodium). Strontium has been widely 
used in aluminium casting plants as a modifier of 
hypoeutectic Al-Si cast alloys. Additions of  stron-
tium change from a coarse silicon structure to a fine 
fibrous structure, improving mechanical and met-
allurgical properties of  these alloys. For each Al-Si 

Figure 3.  Segment of Figure 1 related to primary solidification of α-Al solid solution. 
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alloys there is an optimal amount of  strontium 
modifier that can be controlled by using the cool-
ing curve analysis. Addition of  strontium depresses 
the AlSi eutectic temperatures (TAlSi

NUC, TAlSi
MIN 

and TALSI
MAX). Operators at foundries are capable of 

measuring e.g. the TALSi
MAX with and without dif-

ferent strontium contents and calculate the tem-
perature difference (ΔT=TAlSi

MAX without Sr – TAlSi
MAX 

with Sr). The higher the difference, the stronger the 
silicon particles modification. The advantage of 

thermal analysis in comparison to classical chemi-
cal analysis lies in the fact that the cooling curve is 
only affected by the active strontium, because only 
free strontium that is not bonded in some inter-
metallics can be used to change silicon morphol-
ogy. In Figure 5 we can observe the region of  Al-Si 
precipitation.

Using the derivatives of the cooling curve, all 
solidification characteristic temperatures related to 
precipitation of AlSi eutectic can be more accurately 

Figure 4.  Determination of dendrite coherency temperature using the two thermocouples technique.

Figure 5.  Region of Al-Si precipitation.
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determined than reading them directly from the 
cooling curve. Using second or third derivatives 
and their intersection with zero value TAlSi

NUC and 
TAlSi

MAX give a value of 567.17 °C and 564.81 °C, 
respectively. Using the first derivative and its inter-
section with the zero axes gives a TAlSi

MIN value of 
564.26 °C. 

3.4. Precipitation of AlSiCu-rich phase(s)

Immediately before the end of  solidifica-
tion, copper-rich phase starts to precipitate on 
AlSi alloys with a minimum amount of  copper. 
Depending on the amount of  copper and some 
other alloying elements, such as strontium, lead 
and tin (Jiang et al., 1999 and Djurdjevic et al., 
2012c) the start and the end solidification tem-
peratures of  this phase can vary, as along with the 
amount of  latent heat released during its solidifi-
cation. In Figure 6 we can observe the region of 
copper precipitation.

Using the second or third derivative curves and 
their intersections with the zero axis TAlSiCu

NUC and 
TSOL have a value of 522.46 °C and 493.68 °C, 
respectively. Both temperatures need to be known 
with a high degree of accuracy in order to be able 
to propose the best heat treatment conditions for 
a given alloy. Applying higher temperatures than 
solidus during solid solution treatment, copper-rich 
phase can be dissolved around the grain boundar-
ies, diminishing the mechanical properties of heat 
treated parts. Even though, applying a slightly lower 
temperature than the minimum temperature for 

obtaining the optimal mechanical properties, appro-
priate properties cannot be achieved. 

3.5. Derivative curves plotted versus temperature

The figures above have shown that during the 
non-equilibrium solidification of thermal analysis 
test samples, some thermally weak events cannot 
be easily detected on the cooling curve. Therefore, 
the first derivative plotted versus time is used 
(Backenrud et al., 1986a; Backenrud et al., 1986b; 
Krohn, 1985).

Recently, several authors (Djurdjevic et al., 
2001b; Chávez-Zamarripa et al., 2007; Djurdjevic 
et al., 2012b; Djurdjevic et al., 2012c; Krohn , 1985 
and Canales, 2010) have started to use the first deriv-
ative versus temperature plot in order to simplify the 
detection of the solidification characteristic events 
during the solidification process, since they can 
be read directly from the first derivative curves, as 
shown in Figure 7. 

The following three figures (Fig. 8) show the three 
segments of the first, second and third derivatives 
related to primary solidification of α-Al, primary 
Al-Si eutectic and copper-rich eutectic, and how the 
different temperature values can be determined with 
a high degree of accuracy.

In Figure 8, the first, second and third derivative 
curves are plotted against temperature. All solidi-
fication characteristic temperatures can be read 
directly from the corresponding derivative curves 
with the same accuracy as derivative curves plotted 
versus time. 

Figure 6.  Copper-rich area of precipitation.

http://dx.doi.org/10.3989/revmetalm.004


8 • M.B. Djurdjevic et al.

Revista de Metalurgia 50(1), January–March 2014, e004. ISSN-L: 0034-8570 doi: http://dx.doi.org/10.3989/revmetalm.004

3.6. Solid fraction curve

Solid fraction may be defined as the percentage 
of solid phase(s) that precipitate between the liqui-
dus and solidus temperatures in a solidifying melt. 
Accurate information concerning solid fraction 
is necessary to perform computer simulations of 
casting feedability and the characterisation of the 
solidification process, as well as to make predictions 
concerning casting structure. Available databases 
used by commercial simulation software packages 
have only a few selected standard alloys. In the case 
of more sophisticated alloys with different chemi-
cal compositions or the refinement and/or modifi-
cation treatments, thermal analysis could be a very 
useful tool to collect the necessary data to improve 
the simulations and for solid fraction calculation. A 
cooling curve and its first time derivative can also be 
used to determine the solid fraction (Upadhya et al., 
1989; Kierkus et al., 1999; Fras et al., 1993; Emadi 
et al., 2002). The shape of the cooling curve is the 
result of heat lost to the surroundings by the cool-
ing of the test sample, and the heat evolved in the 
cup during the phase transformation. The amount 
of heat evolved from a solidifying test sample can 
be calculated as the integrated area between the first 
derivative curve (blue line) and the base line (red 
line) (Fig. 9).

Solid fraction can be calculated numerically by 
integrating the cumulative area between the first 
derivative of the cooling curve and the base line 
(hypothetical cooling curve without phase trans-
formations base line) using either Newtonian or 
Fourier methods. In this work, the Newtonian 

method has been applied to calculate the base line. 
Figure 10 shows the distribution of solid fraction 
for AlSi6Cu4 alloys calculated for the temperature 
range between liquidus and solidus temperature. The 
advantage of the cooling curve is that the amount 
of each phase that precipitates during solidification 
can be calculated using the concept of Newtonian 
base line. During solidification of AlSi6Cu4 alloys, 
three distinctive parts can be identified: (i) primary 
α-Al solidification, (ii) precipitation of primary AlSi 
eutectic and (iii) formation of copper-rich eutectic. 
Applying the Newtonian approach, the amount 
of each three micro constituents can be calculated 
using thermal analysis and its first derivative curve. 
The calculated percentage of each phase needs to be 
checked by comparing the measured percentage of 
the corresponding phases with traditional metallo-
graphic techniques. According to previous research 
(Djurdjevic et al., 2001a) the thermal analysis 
technique provides a good estimation for the total 
number of phases that precipitate during the solidi-
fication of AlSiCu alloys.

3.7. Impact of low melting point elements on the 
solidification path of AlSiCu alloys

Many aluminium casting plants have experi-
enced sudden, unexpectedly high reject rates of cast 
final products due to a high percentage of poros-
ity and shrinkage defects. In most cases, attention 
is often directed towards procedure parameters that 
can influence the solidification process and metal 
quality. Regarding the process parameters, there 
are well defined routines in casting plants and any 

Figure 7.  First, second and third derivatives plotted versus temperature.
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Figure 8.  Three segments of derivative curves plotted versus temperature: (a) segment related to primary solidification of α-Al, (b) 
segment linked to the precipitation of primary Al-Si eutectic and (c) segment associated to the precipitation of copper-rich eutectic.
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variation from the proposed values can easily be 
identified and corrected, sometimes even automati-
cally. Confusion occurs when an alloy itself  starts to 
be blamed for quality problems. Major and minor 
alloying elements are very well defined for most com-
mercial alloys. Therefore, it should be no problem to 
check quickly if  some of those elements are out of 
the defined range. Unfortunately, the main problem 
arises with trace elements. There is no consensus in 
literature or in practice regarding the tolerable levels 
of those elements present in aluminium alloys.

Recently, a few of them (tin and lead) have been 
recognized as significant and problematic for some 

aluminium alloys (Djurdjevic et al., 2012c; Emadi 
et al., 2008; Mohamed et al., 2009). Both elements 
are not dissolved in pure aluminum, and tin is only 
partly dissolved in pure copper. During solidifica-
tion, lead solidifies in the form of pure particles, 
while tin precipitates either in the form of constitu-
ents together with other elements like copper or as 
pure particles. As Figure 11 shows, lead has a sig-
nificant effect on the solidus temperature of the 
AlSiCu alloy. 

It is obvious that the higher content of lead 
increases the solidification interval of AlSiCu alloys 
making them more prone to shrinkage porosity. 

Figure 9.  Cooling curve, its first derivative curve and base lines for AlSi6Cu4 alloy.

Figure 10.  Solid fraction curve for AlSi6Cu4 alloy.
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Similar behavior has been identified with the higher 
content of tin present in AlSiCu alloys (Djurdjevic 
et al., 2012c). The cooling curve analysis can be used 
to predict such behavior and suggests that the oper-
ator should take some actions to eliminate defects in 
the cast structure.

 The cooling curve method is useful for com-
mercial applications for many reasons: it is simple, 
inexpensive and provides consistent results. This 
technique is a good choice for drawing fundamen-
tal relationships between cooling curve characteris-
tics and alloys. A state-of-the-art thermal analysis 
system should be able to quantify parameters such 
as: grain size, dendrite coherency point, level of sili-
con modification, low melting point of secondary 
eutectic(s), solid fraction and other solidification 
characteristic temperatures. The interest in applied 
simulation in the aluminium casting industry has 
extended significantly in recent decades. There are 
three main reasons for this: (i) the need to increase 
the productivity and quality of cast products (ii) to 
speed up design process and (iii) to investigate the 
influence of different process parameters without 
the need for expensive experimental trials. The accu-
racy of casting simulation depends greatly on the 
quality of the available physical and thermophysical 
material properties provided by the software data-
base. Databases currently used by commercial simu-
lation software packages for casting industry usually 
come with material properties for only a few selected 
standard alloys. In the case of more sophisticated 
alloys with differing chemical compositions or with 
refinement and/or modification treatments, thermal 
analysis can be a very useful tool in order to collect 

the missing parameters or more accurate thermo-
physical data for investigated alloys. This paper 
has demonstrated that the cooling curve is capable 
of improving simulation software packages with 
such data. Therefore, cooling curve analysis should 
be used more often to update existing data banks 
and provide new ones that will allow the solidifica-
tion path of investigated intrinsic cast parts to be 
predicted more accurately. The main advantage of 
cooling curve analysis is the ability to provide high 
quality information on the foundry floor in a very 
short period of time. Several researchers are even 
looking to extend the benefits of cooling curve 
analysis. One of them is Sparkman (2011) who has 
proposed the next logical steps in the use of thermal 
analysis: introducing the application of higher order 
derivatives in order to measure the energy signatures 
of different microstructures. Higher order deriva-
tives (up to fifth) offer the possibility of opening up 
thermal analysis to become much more than just a 
quick chemistry/inoculant check. With this infor-
mation, according to Sparkman, thermal analysis 
should allow the amounts of different phases and 
defects (i.e. shrinkage porosity) that appear in the 
cast structure of Al-alloys to be calculated.

4. CONCLUSIONS

At present, aluminium casting industries are 
using significant amount of primary and secondary 
aluminium alloys. Quantifying as many parameters 
as possible from the cooling curve would allow pro-
cess engineers to enhance the control of the cast-
ing process. Thermal analysis is used to evaluate 

Figure 11.  Impact of lead on characteristic solidification temperatures of AlSi6Cu4 alloy.
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the following processing and materials parameters: 
grain size, dendrite coherency temperature, dendrite 
arm spacing, level of Al-Si eutectic modification, 
solid fraction as well as the characteristic tempera-
tures of various metallurgical reactions between 
liquidus and solidus temperatures. Use of modern 
data acquisition systems and computer processing 
thermal analysis becomes a powerful tool for cast-
ing process control. However, the data collected 
using cooling curve analysis should be applied in 
existing simulation software in order to improve the 
accuracy of simulation.
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