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Influence of different contents of Si and Cu
on the solidification pathways of cast hypoeutectic
Al-(5–9)Si-(1–4)Cu (wt.%) alloys

A comprehensive understanding of the solidification pro-
cess is of paramount importance for the control and predic-
tion of actual casting characteristics. The present work pre-
sents the potential of cooling curve analysis to characterize
the solidification path of a cast hypoeutectic series of Al–
Si–Cu alloys. The aim of this work was to examine how
variation in chemical composition of Si (from 5–9 wt.% )
and Cu (from 1–4 wt.%) may affect characteristic solidifi-
cation temperatures, their corresponding solid fraction, and
thermal freezing ranges of the investigated alloys. All soli-
dification parameters that have been calculated using cool-
ing curve analysis show good correlation with the corre-
sponding parameters calculated using commercial Pandat
software. These parameters, either collected from the cool-
ing curve analysis or calculated using Pandat software, can
be easily incorporated into existing simulation software
packages in order to improve their accuracy. In addition,
cooling curve analysis can be used to estimate the effect of
cooling rate on the above mentioned solidification parame-
ters and used as additional input data for simulation.

Keywords: Aluminium alloys; Thermal analysis; Cooling
curve analysis; Solid fraction analysis; Thermal freezing
range

Nomenclature

FD First Derivative
DCT Dendrite Coherency Temperature
DCP Dendrite Coherency Point
NTA Newtonian thermal analysis
TFR Thermal freezing range
TDCT Dendrite Coherency Temperature
Tc Temperature at the center
Tw Temperature at a nearby inner wall
Tsol Solidus temperature
Tliq Liquidus temperature
TAl�Si
E Al–Si eutectic temperature

TAl�Si�Cu
E Al–Si–Cu eutectic temperature

fS95:0 Solid fraction value at f. e., 95.0%
fS95:0 Solid fraction value at f. e., 99.0%
fS99:5 Solid fraction value at f. e., 99.5%
fDSP Solid fraction value at TDCT

fAl�Si
NUC Solid fraction value at TAl�Si

NUC
fAl�Si�Cu
NUC Solid fraction value at TAl�Si�Cu

NUC

1. Introduction

The Al–Si–Cu alloys are widely used in the automotive in-
dustry due to their good casting characteristics and mechan-
ical properties [1]. These alloys are characterized by the
presence of two Al–Si and Al–Si–Cu eutectics, which
are primarily responsible for defining the microstructure
and mechanical properties of these alloys [1–4]. Compre-
hensive understanding of the solidification paths of these
alloys is of paramount importance for metallurgical engi-
neers. This knowledge enables the process, quality and si-
mulation engineers as well as designers to ensure that the
casting will achieve the desired properties for its intended
application after corresponding melting, liquid metal pro-
cessing, mould filling and heat treatment procedure. In or-
der to ensure that cast components have good mechanical
properties their as-cast microstructures must be closely
monitored [2, 5].

Major alloying elements: Si, Cu and Mg are primarily re-
sponsible for defining the microstructure and mechanical
properties of aluminium alloys [5]. The silicon is added to
improve castability and fluidity, as well as to reduce shrink-
age and to give superior mechanical and physical properties
(the more Si an Al–Si–Cu alloy contains, the lower is the
thermal expansion coefficient). Cu is the second major al-
loying element in these alloys. It has great impact on the
strength and hardness of Al–Si–Cu alloys in as-cast and
heat treated conditions. In additions, Cu reduces the corro-
sion resistance of aluminium alloys and in certain alloys in-
creases stress corrosion susceptibility. The Mg role is also
to improve the strength and hardness of Al–Si–Cu alloys
in both as-cast and heat treated conditions. In order to en-
sure that cast components have good mechanical properties
their as-cast microstructures must be closely monitored.
Thermal analysis has such capabilities and has been used
for many years in aluminium casting plants as a quality con-
trol tool [1, 6–10].

The thermal analysis (cooling curve) method is useful for
commercial applications for a number of reasons: it is sim-
ple, inexpensive and provides consistent results. This tech-
nique is a good choice for drawing fundamental relation-
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ships between cooling curve characteristics, alloy composi-
tion and melt treatment. Beside characteristic solidification
temperatures, thermal analysis is often used to calculate
solid fraction distribution between liquidus and solidus
temperatures [11, 12].

The aim of this work is to examine how variation in
chemical composition of Al-(5–9)Si-(1–4)Cu (wt.%) alloy
may affect its characteristic solidification temperatures,
solid fraction, and thermal freezing range. In order to ac-
complish this several experimental tests were carried out
by applying the thermal analysis technique. All obtained
data (characteristic solidification temperatures, solid frac-
tion and other) could be incorporated in the current data-
base in order to improve the accuracy of the existing simu-
lation software programs.

The solidification pathways of Al–Si–Cu series alloys
and formation of intermetallic and Cu enriched phases can
be described according to many authors [1–4] as follows:
1. A primary a-aluminium dendritic network forms be-

tween 582–627 8C. The exact temperature depends
mainly on the amount of Si and Cu and other alloying
elements in the alloy. This leads to an increase in the
concentration of alloying elements (Si, Cu, Mg. . .) in
the remaining liquid.

2. Between 570–560 8C (the TAl�Si
E ) the eutectic mixture

of Si and a-aluminium forms, leading to a further local-
ized increase in the Cu content as well as increase in
concentrations of other alloying elements that have been
remained in residual liquid. Various contents of Cu, Mg,
Zn and other alloying elements have significant impact
on TAl�Si

E while varying contents of Si does not change
this temperature considerably. Additions of modifiers
such as Sr or Na depress this temperature significantly.

3. In the temperature range 550–540 8C, the Mg2Si and
Al8Mg3FeSi6 phases begin to precipitate.

4. At approximately 530 8C, the \massive" or \blocky"
Al2Cu phase (containing approximately 40 wt.% Cu)
forms together with b-Al5FeSi platelets.

5. Low 515 8C, a fine Al–Al2Cu eutectic phase forms
(containing approximately 24 wt.% Cu). If the melt con-
tains more than 0.5 wt.% Mg, an ultra-fine Al5Mg8 ·
Cu2Si6 eutectic phase also forms at this temperature.
This phase grows from either of the two previously
mentioned Al2Cu phases.

6. The end of solidification (solidus temperature) is
achieved in the range 505–477 8C. The presence of so
called low melting point elements (Pb, Sn, Bi, Cd...)
into Al–Si–Cu alloys will significantly extend the soli-
dification ranges of these alloys depressing their corre-
sponding solidus temperatures to lower values.

In the aluminium casting industry, the application of ther-
mal analysis to study the development of the test sample
structure was reported in early publications by Crossley
[5] and Cibula [13]. In the late 1980s, this process control
technology started to be used regularly in aluminium foun-
dries [14]. The thermal analysis test samples can be taken
either by submerging a cylindrical (graphite ceramic or
steel) cup into the melt or pouring the melt by ladle into
the test cup. One or two K-type thermocouples are placed
into the melt and measure the temperature during solidifica-
tion of the test sample. The outputs from the thermocouples
are connected to a PC via data logger, where temperature/
time data are recorded and later processed in various ways.

The solidification process of a metal or alloy is accompa-
nied by the evolution of heat of various phases that form
during the solidification. Recorded temperature–time data
can yield quantitative information about the alloy solidifi-
cation process. Such a plot is called a cooling curve and
the general name given to the technique is thermal analysis.
Major and minor metallurgical reactions (that are thermo-
dynamically strong enough in terms of latent heat evolu-
tion) are manifested on the cooling curve by inflection
points and slope change [1, 3, 6, 15, 16].

During the non-equilibrium solidification of the test sam-
ples, some thermally weak events cannot easily be detected
on the cooling curve alone. Therefore, first and higher order
derivatives plotted versus time or even temperature are uti-
lized [1, 14]. The first derivative physically represents the
rate of cooling (solidification) of the test sample. The sec-
ond derivative represents the acceleration of the cooling
rate during solidification. At present most European alumi-
nium foundries regularly use thermal analysis to control
the quality of the aluminium melt.

2. Experimental procedure

Twenty different Al–Si–Cu alloys with the chemical com-
positions as presented in Table 1 were produced. The con-
tent of the alloying elements varied between: 4.85–
8.95 wt.% Si, 0.96–4.38 wt.% Cu, to ensure separation of
the dominant phase in each of the tests. Their chemical
compositions were determined using optical emission spec-
troscopy (OES).

The alloys were melted in an electric resistance furnace
under protective nitrogen gas atmosphere to prevent hydro-
gen and oxygen contamination. A graphite crucible capa-
city of 10 kg was used throughout all the experiments.
Commercially pure Si and Cu and Al-5Si (wt.%) master al-
loy were used as input materials to produce all investigated
alloys. Unfortunately, some unwanted alloying elements
from master alloy (Al-5Si (wt.%)) were detected in the test
alloys (Table 1). Among them Mg and Sr are two elements
that have significant impact on the solidification path of in-
vestigated alloys. No grain refining and modifier agents
were added to the melt.

Samples with masses of approximately 300 g were
poured into stainless steel cups. Two K-type thermocouples
were inserted into the melt and temperatures between 750–
400 8C were recorded. The data for thermal analysis was
collected using a high-speed National Instruments data ac-
quisition system linked to a personal computer. The sam-
pling rate was 10 data per second. The cooling conditions
were kept constant during all experiments and were ap-
proximately 6 K min–1. The cooling rate was calculated as
the ratio of the temperature difference between liquidus
and solidus temperature to the total solidification time be-
tween these two temperatures. Each thermal analysis trial
was repeated two times consequently, a total of 40 cooling
curves were gathered.

3. Results and discussion

The results of cooling curve analysis are summarized in Ta-
ble 2. All characteristic solidification temperatures were
determined using either cooling curves or their correspond-
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ing first derivatives. First derivative curves were plotted
either as a function of time or temperature.

The dendrite coherency temperatures (DCT) were deter-
mined using the Bäckerud two thermocouples method [1].
In this method one thermocouple is located at the centre
(Tc) of a test crucible, and the other at a nearby inner wall
(Tw). The dendrite coherency point (DCP) is determined

by identifying the local minimum on the DT versus time
curve (DT ¼ Tw � Tc) and its projection on the Tc cooling
curve and the reading of the corresponding temperature [1].

The reasoning that DCP occurs at this minimum DT ver-
sus time curve is based on the fact that the heat removal
from the solid is faster than from the liquid phase. This is
due to the significantly higher thermal conductivity of the
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Table 1. Actual chemical composition of Al–Si–Cu test alloys, (wt.%).

Alloys Chemical composition (wt.%)

Si Cu Mg Ni Fe Mn Zn Ti Sr Al

L5/1 4.85 1.03 0.14 0.008 0.09 0.01 0.01 0.058 0.0009 balance
L5/2 5.01 2.06 0.26 0.007 0.10 0.01 0.01 0.062 0.0012
L5/3 4.97 2.98 0.21 0.009 0.07 0.01 0.01 0.058 0.0035
L5/4 4.89 3.85 0.16 0.009 0.09 0.01 0.01 0.090 0.0029
L6/1 5.90 1.07 0.14 0.008 0.07 0.01 0.01 0.063 0.0027
L6/2 5.90 1.83 0.15 0.009 0.11 0.01 0.01 0.062 0.0042
L6/3 5.82 3.03 0.15 0.008 0.06 0.01 0.01 0.059 0.0014
L6/4 5.78 3.96 0.13 0.007 0.07 0.01 0.01 0.075 0.0034
L7/1 7.13 0.96 0.28 0.007 0.12 0.01 0.01 0.056 0.0041
L7/2 7.05 1.98 0.28 0.009 0.13 0.01 0.01 0.079 0.0037
L7/3 6.95 3.05 0.26 0.007 0.14 0.01 0.01 0.081 0.0031
L7/4 6.75 4.38 0.29 0.008 0.12 0.01 0.01 0.091 0.0042
L8/1 8.03 1.09 0.28 0.008 0.14 0.01 0.01 0.093 0.0063
L8/2 8.14 1.93 0.27 0.009 0.12 0.01 0.01 0.084 0.0028
L8/3 8.03 2.96 0.29 0.007 0.14 0.01 0.01 0.096 0.0029
L8/4 7.84 4.30 0.30 0.009 0.14 0.01 0.01 0.090 0.0029
L9/1 8.92 1.05 0.31 0.009 0.12 0.01 0.01 0.062 0.0014
L9/2 8.95 2.04 0.31 0.007 0.12 0.01 0.01 0.081 0.0017
L9/3 8.91 3.11 0.29 0.007 0.15 0.01 0.01 0.073 0.0022
L9/4 8.85 4.38 0.27 0.008 0.14 0.01 0.01 0.056 0.0034

Table 2. Characteristic solidification temperatures of Al–Si–Cu alloys determined using cooling curve analysis, (T , 8C).

Silicon (wt.%)

5 6 7 8 9

Copper (wt.%) 1 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

626.6
625.4
572.4
543.6
480.2

622.4
616.1
573.7
518.7
501.7

613.3
611.1
570.3
526.2
482.3

600.7
598.7
575.0
517.4
501.8

597.3
593.5
568.5
526.3
483.1

2 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

622.8
621.0
567.2
534.5
477.9

618.9
615.0
570.5
518.3
502.2

610.3
606.1
569.0
508.5
480.4

601.7
597.9
572.2
517.2
499.4

589.9
587.1
564.6
506.5
480.1

3 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

620.0
617.9
560.5
524.0
478.6

614.8
611.7
569.3
522.0
502.7

607.4
602.6
562.2
507.4
482.1

600.5
591.0
569.3
517.7
494.5

587.3
583.5
562.7
505.4
480.5

4 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

618.3
616.2
552.2
512.0
480.6

610.3
608.3
566.9
522.9
501.8

604.6
600.2
558.9
509.6
481.9

596.8
587.8
565.9
516.3
495.7

583.5
581.4
562.9
508.1
480.5
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solid dendrites (forming the network) in comparison to the
surrounding liquid metal.

From Table 2 it is obvious that increasing the Si and Cu
contents significantly decreases all characteristic solidifica-
tion temperatures.

3.1. Cooling curve analysis–Liquidus temperature

The liquidus temperature (Tliq) specifies the maximum tem-
perature at which the crystal can coexist with the melt in
thermodynamic equilibrium. Above Tliq no crystals exist
and the melt is liquid and homogeneous. This temperature
is very important in the casting industry because it defines
the preheating temperature (difference between the liquidus
and pouring temperatures) and initial or pouring tempera-
ture of the melt.

Tables 2 and 3 show characteristic solidification tempera-
tures of the Al-(5–9)Si-(1–4)Cu (wt.%) series of alloys that
were determined either using cooling curve analysis (Ta-
ble 2) or Pandat [17] software (Table 3). In order to eliminate
the impact of the cooling rate on the depression of character-
istic solidification temperatures during all experiments the
cooling rate was kept constant (* 6 K min–1). From both Ta-
bles 2 and 3 it is clear that any increase in the content of Si
and Cu depresses the characteristic solidification tempera-
tures. According to the results obtained using cooling curve
analysis increasing the Si content for one weight percent
depress the Tliq by 6.5 8C (5.7 8C/1 wt.% Si using Pandat cal-
culation) with constant Cu content. The obtained results are
in fair agreement with the binary Al–Si phase diagram,
where increase of Si content up to eutectic concentration
(*12.3 wt.%) decreases the Tliq by 83 8C (the temperature
drops almost linearly from 660–577 8C) which is approxi-
mately a decrease of 6.7 8C per 1 wt.% Si.

Considering the impact of varying Cu content on the de-
pression of Tliq similar results have been obtained either
using Pandat calculation (Scheil mode) or cooling curve
analysis. One weight percent of Cu with constant Si content
decreases the Tliq by approximately 2.4 8C which is a lower
value than expected according to the equilibrium binary
Al–Cu phase diagram (3.3 8C/1 wt.% Cu). One of the rea-
son for this difference can be found in the fact that a limited
range of Cu content has been analyzed (up to 4.38 wt.%)
during experiments to calculate the impact of 1 wt.% Cu
on depression of Tliq, in comparison to a significantly
broader concentration range (up to 33 wt.%) taken from
binary Al–Cu phase diagram.

3.2. Cooling curve analysis–Dendrite coherency
temperature

During the solidification of any aluminium hypoeutectic al-
loy, a dendritic network of primary a-aluminium crystals
will be developed. In the early stage of solidification den-
dritic crystals are separate and move freely in the melt.
However, as the melt cools, the dendrite tips of the growing
crystals begin to impinge upon one another until a coherent
dendritic network is formed [18]. The temperature at which
this occurs is called the dendrite coherency temperature
(TDCT) and is a very important feature of the solidification
process [18–21]. This temperature marks the moment
when the \mass" feeding changes to interdendritic feeding
[1, 18–22]. Casting defects such as macrosegregation,
shrinkage porosity and hot tearing begin to develop after
the DCT [18–22].

The DCT is a physical phenomenon; however its direct
detection is virtually impossible. There are two main ap-
proaches for detection of TDCT: (i) Mechanical (or rheologi-
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Table 3. Characteristic solidification temperatures of Al–Si–Cu alloys calculated using Pandat program and Scheil solidification mod-
el, ( T , 8C).

Silicon (wt.%)

5 6 7 8 9

Copper (wt.%) 1 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

626.9
NA
570.0
515.9
509.9

619.9
NA
571.9
515.5
509.9

611.4
NA
571.8
533.7
509.9

605.8
NA
573.7
522.5
509.9

598.7
NA
572.4
534.2
509.9

2 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

622.1
NA
566.5
514.1
509.9

617.3
NA
569.4
513.6
509.9

608.5
NA
569.2
518.7
509.9

602.1
NA
571.9
523.0
509.9

594.9
NA
570.4
521.3
509.9

3 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

619.7
NA
564.3
515.0
509.9

614.1
NA
566.3
517.2
509.9

605.6
NA
566.6
512.9
509.9

599.3
NA
569.5
523.2
509.9

591.4
NA
568.3
511.6
509.9

4 Tliq
TDCP
TAl�Si
E

TAl�Si�Cu
E

Tsol

617.7
NA
561.8
518.6
509.9

611.4
NA
563.9
519.6
509.9

602.4
NA
563.2
515.2
509.9

595.9
NA
566.6
523.3
509.9

587.3
NA
566.1
515.7
509.9
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cal) methods [22] and (ii) Thermal detection methods [1,
18]. In this work the DCTs has been determined for each
set of experiments using the traditional two thermocouples
technique developed by Bäckerud [1]. The solidification
conditions, chemical composition of the alloy and addition
of grain refiners are major factors that have significant im-
pact on the dendrite coherency temperature. Independent
from applied measured techniques, it has been verified that
faster cooling rate and increase in solute concentration post-
pone the coherency point to lower temperatures [1, 18–21].

The influence of Si and Cu on the TDCT is presented in
Fig. 1. The higher Si and Cu contents progressively reduce
the TDCT. The impact of Si is more significant (decrease in
TDCT of *6.75 8C per 1 wt.% Si) than that of Cu (decreas-
ing TDCT of*2.55 8C per 1 wt.% Cu ). The obtained results
are in agreement with the available literature data [1, 18,
21]. These results are not unexpected. It is well known that
the sizes of the dendrites are influenced by the levels of al-
loying elements present in the melt (of course the main in-
fluence is the solidification rate). During the primary solidi-
fication of the aluminium alloys the alloying elements are
not evenly distributed between solid and liquid phases. Ex-
cess amount of solute displaced away from the solidifica-
tion interface into the melt results in an increase in volume

of solute located between already formed dendrite arms.
This super saturation (or related constitutional undercool-
ing) represents the driving force for the growth of the den-
drites. The space between a-aluminium dendrite arms must
increase to accommodate an increasing amount of solute
elements. Clearly then a higher concentration of alloying
elements will reduce the growth of dendrites and postpone
their contact (coherency) to lower temperature. It is also ex-
pected that the elements having a higher solubility in the
aluminium melt are less effective in reducing the size of
the secondary dendrite arm spacing (SDAS). Therefore, the
effect of the same content of Cu (maximum solubility of
Cu in Al is 5.7 wt.%) is significantly less than that of the
same amount of Si (maximum solubility of Si in Al is
1.6 wt.% Si).

3.3. Cooling curve analysis–Al–Si eutectic temperature

In order to control the quality of aluminium melts (e. g., lev-
el of modification) or for simulation purpose (to know the
amount of solid fraction at the Al–Si eutectic temperature
(TAl�Si

E ) it is necessary to know the TAl�Si
E of the aluminium

alloys with the highest possible degree of accuracy. Tables
2 and 3 reveal that the additions of Si and Cu in the investi-
gated alloys change this temperature considerably. Increase
in the Cu content from 1–4 wt.% with constant Si content,
dropped this temperature by *10.6 8C (by Pandat calcula-
tion this decrease was approximately 7.6 8C). Increase in
the Si content from 5–9 wt.% with constant Cu content
lowered this temperature by *9 8C according to thermal
analysis measurements (depression by Pandat calculation
was significantly lower *5 8C). The main reason for the
stronger impact of Si and Cu on the values of TAl�Si

E deter-
mined using cooling curve analysis is the fact that all the in-
vestigated alloys have considerable amounts of residual Sr
(from 9–63 ppm Sr). It is well known that Sr has significant
impact on the depression of TAl�Si

E . Recent investigation
has shown that even a relatively small increase in the
amount of added Sr (e. g. 38 ppm) depressed the TAl�Si

E for
approximately 6.5 8C [3]. Unfortunately, presently market-
available software packages (Pandat, JMatPro, FactSage,
. . .) are not capable of taking into consideration the impact
of small amounts of Sr (in ppm range) on the characteristic
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Fig. 1. Impact of various Si and Cu contents on the TDCT.

Table 4. Characteristic fraction solid values of Al–Si–Cu alloys determined using cooling curve analysis.

Silicon (wt.%)

5 6 7 8 9

Copper (wt.%) 1 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

8.61
62.28
95.47

16.17
51.08
99.08

7.70
43.33
96.48

13.85
33.64
98.40

6.05
27.65
96.67

2 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

8.32
60.00
93.41

3.10
51.82
97.75

6.58
41.21
96.11

14.01
34.67
96.92

8.18
26.22
95.31

3 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

7.90
59.36
92.58

3.34
51.32
95.66

6.01
40.79
93.08

15.12
31.71
94.35

7.71
23.74
92.85

4 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

7.54
58.71
91.78

3.24
48.94
92.76

5.92
40.26
90.84

13.95
30.67
91.21

6.90
21.45
91.55
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solidification temperatures of Al–Si–Cu alloys. Therefore,
there is this difference in the depression of the TAl�Si

E mea-
sured using cooling curve analysis and calculated by means
of the Pandat Scheil solidification method. According to
Heusler and Schneider [23] Mg has strong influence on
TAl�Si
E . Based on their own investigations it has been found

that increasing the Mg content in Al-11Si (wt.%) alloy
(without Sr) up to 1 wt.% drops the TAl�Si

E by 11 8C. Apply-
ing the equation developed by Heusler and Schneider [23] it
has been calculated that lower Mg content in the investi-
gated alloy (0.14 wt.% Mg) depressed TAl�Si

E by 0.766 8C
while the highest content of Mg (0.31 wt.% Mg) decreased
this temperature by almost 2 8C. The introduction of Cu into
Al–Si alloys results in a lowering of the TAl�Si

E . It has been
shown in the literature [1] that introduction of Cu into Al-
9Si (wt.%) alloys results in a lowering of the eutectic tem-
perature of 8 8C (TAl�Si

E of Al-9Si (wt.%) alloy without Cu
was 576.5 8C and 568.5 8C with 3.5 wt.% Cu). This result
is in excellent agreement with the results presented in Ta-
ble 2, obtained using cooling curve analysis.

3.4. Cooling curve analysis–Al–Si–Cu eutectic
temperature

From Tables 2 and 3 it is clear that increasing the Si (from
5–9 wt.%) and Cu (from 1–4 wt.%) contents significantly
changes the Al–Si–Cu eutectic temperatures (TAl�Si�Cu

E ).
These results indicate that Cu enriched phase(s) precipitate
at different temperatures depending on the amount of Si
and mainly Cu present in the particular alloys. According
to results presented in Table 2, when the Cu content in-
creased from 1–4 wt.% the TAl�Si�Cu

E reduced (except for
Al-6Si-(1–4)Cu (wt.%) alloys, where this temperature
slightly increased). This impact is due to segregation of Cu
during precipitation of other constituents that solidified be-
fore Cu-rich phase(s). According to Pandat calculation, the
contents of Cu just before the start of Cu-rich eutectic for-
mation (in residual liquid) were between 4.35 and
27.35 wt.% for Al-5Si-1Cu (wt.%) and Al-5Si-4Cu (wt.%)
alloys respectively. The addition of the Cu into Al-(5–9)
Si-(1–4)Cu (wt.%) alloys also results in a lowering of the
TAl�Si�Cu
E . The data presented in Table 2 show that

TAl�Si�Cu
E is decreased by between 20 8C (Al-5Si-(1–4)Cu

(wt.%)) and 5 8C (Al-9Si-(1–4)Cu (wt.%)) due to increased
Cu content.

The number and shape of the peaks visible in the Cu-en-
riched region of the first derivative curves plotted versus
temperature, show a strong relationship with the amount of
Cu present in the alloy (for more details see Fig. 2). The
precipitation temperature of the Cu-enriched phases de-
creases when Cu content increases from 1 to 4 wt.% Cu.
The Cu-enriched phase represented by the first peak on the
cooling curve in Fig. 2 (6 wt.% Si, 1 wt.% Cu alloy) began
to solidify at 518.7 8C and the Cu-enriched phase repre-
sented by the second peak appeared at 503.9 8C. In the alloy
with 6 wt.% Si, 2 wt.% Cu alloy two peaks appeared at tem-
peratures of 518.3 8C and 506.7 8C respectively. Increasing
the amount of Cu to 3 wt.% (6 wt.% Si) further changes
the shape of the Cu-enriched phase peaks (Fig. 2). Now
two separated peaks are recognized and their solidification
temperatures are also altered. The Cu-enriched phase repre-
sented by the first peak for the Al-6Si-3Cu (wt.%) alloy be-
gins to solidify at 522.0 8C, while second peak appears at
508.1 8C. In the last investigated alloy (Al-6Si-4Cu (wt.%)
first Cu-rich peak appears at 522.9 8Cwhile the second peak
corresponds to 509.8 8C. Similar impact of the Cu contents
has been observed in all other investigated alloys [3]. Ac-
cording to Samuel [24] the Cu phases solidify in three dis-
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Fig. 2. First derivative of the Al-6Si-(1–4)Cu (wt.%) cooling curves
related to Cu enriched region.

Table 5. Characteristic fraction solid values of Al–Si–Cu alloys calculated using Pandat program and Scheil solidification mode.

Silicon (wt.%)

5 6 7 8 9

Copper (wt.%) 1 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

NA
65.07
98.41

NA
56.16
98.24

NA
46.92
97.37

NA
38.28
98.46

NA
31.29
96.35

2 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

NA
61.96
96.28

NA
54.65
96.64

NA
45.36
95.58

NA
35.89
96.69

NA
29.65
95.55

3 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

NA
60.35
94.00

NA
53.61
94.05

NA
43.57
93.88

NA
34.44
94.37

NA
26.40
94.23

4 fDSP
fAl�Si
NUC
fAl�Si�Cu
NUC

NA
59.26
92.30

NA
51.99
92.32

NA
42.60
91.15

NA
32.64
91.66

NA
24.78
91.49
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tinct forms: two eutectics (Al–Al2Cu eutectic and ultra-
fine Al5Mg8Cu2Si6 copper eutectic) and blocky phase
(Al2Cu). Samuel [24] as well as the other researchers [25,
26] found that the increase in the Sr content increases the
proportion of blocky-Al2Cu and ultra-fine Al5Mg8Cu2Si6
copper phases versus Al–Al2Cu eutectic Cu. All first deri-
vative curves from our experiments have one or two visible
Cu-rich eutectic peaks. This means that some of the Cu
phases detected by Samuel and other researchers are mostly
convoluted (not visible on the first derivative curves) due to
weak latent heats released during precipitation of these
phases. Increasing the content of Mg (some authors [4] sug-
gested greater than 0.5 wt.% Mg), results in the precipita-
tion of Al5Mg8Cu2Si6 copper eutectic (occurring as
branched crystals or fine eutectic strings growing out from
Al2Cu blocky or Al–Al2Cu eutectic types during the final
stage of solidification). The addition of strontium leads to
an increase of the Al2Cu blocky type [4]. Some other ele-
ments (Pb, Sn, Bi, Ca, P, Sb and P) present in Al–Si–Cu al-
loys in small amounts (ppm range) can also have significant
impact on the TAl�Si

E and TAl�Si�Cu
E and precipitation mor-

phology of Cu-rich phases. Fortunately the alloys investi-
gated in this paper had either very low amounts of such ele-
ments (lower that 5 ppm) or they were not even detected in
the investigated alloys. Therefore, the impact of these ele-
ments on characteristic solidification temperatures and soli-
dified copper morphology has not been considered in this
paper. In the literature there are several papers that exten-
sively studied the impact of major and minor alloying ele-
ments on the depression of characteristic solidification tem-
perature of aluminium alloys as well as their impact on
solidified morphologies [4, 7–9, 26–29].

3.5. Cooling curve analysis–Solidus temperature

The solidus temperature (Tsol) identifies the temperature at
which the last portion of the liquid has transformed to solid.
Below this temperature the given alloy is stable in the solid
phase. The results presented in Tables 2 and 3 indicate that
varying Si and Cu contents in the investigated alloys have
the lowest impact on Tsol. According to Pandat results this
temperature is constant (509.9 8C). The average Tsol deter-
mined using cooling curve analysis, for all investigated al-
loys, was *488 8C significantly lower than that calculated
using Pandat software.

As can be seen from Table 2, the Tsol for all investigated
alloys show significant inconsistencies. The difference in
Tsol is largely due to difficulties in defining when the last
drop of the liquid solidified. Applying smoothing for all de-
rivative curves also brings some inaccuracy to thermal ana-
lysis measurement. In addition some other electrical de-
vices in the casting plant (e. g., induction furnace) could
affect the accuracy of the collected results. More about var-
ious sources that could have impact on the inconsistency of
thermal analysis measurement can be found at the MeltLab
web page http://www.meltlab.com by Sparkman [25]. As a
potential solution to this problem we propose applying the
solid fraction versus temperature curve. The Tsol can be de-
termined by cutting off the solid fraction value at e. g.,
99.0% (f S99:0) and picking up its corresponding tempera-
ture as an exact solidus. This hypothesis will be tested in a
forthcoming paper.

3.6. Solid fraction analysis

Besides characteristic solidification temperatures, the ther-
mal analysis is often used to calculate solid fraction distri-
bution between Tliq and Tsol. A critical requirement for the
solid fraction calculation applying cooling curve analysis
is determination of what is called a base line [1, 11, 12].
The base line is in principle the first derivative of the cool-
ing curve measured by the thermocouple(s), inserted in the
alloy test sample, assuming that the metal does not undergo
any phase transformation during the solidification process.
In other words the base line overlaps the first derivative of
the cooling curve in single phase parts of the sample cool-
ing process, for temperatures higher than Tliq and for tem-
peratures lower than Tsol.

In the literature are two methods, Newtonian and Fourier
analysis [11, 12], that have been successfully used to calcu-
late solid fraction distribution using cooling curve analysis.
In this work only Newtonian thermal analysis (NTA) has
been applied to calculate the base line using cooling curve
analysis. Solid fraction distribution between Tliq and Tsol
was calculated using cooling curve analysis (NTA method)
and Pandat software program (Scheil Mode) Tables 4 and 5
respectively.

Comparison of solid fraction values detected at TAl�Si
E for

all investigated Al-(5–9)Si-(1–4)Cu (wt.%) hypoeutectic
alloys using thermal analysis and Pandat software are pre-
sented in Fig. 3. Both sets of results show the same ten-
dency. By increased contents of Si and Cu in Al melts the
fraction solid values at TAl�Si

E decreased. Values calculated
using Pandat software packages (open symbols) showing a
trend to be a little bit higher than values determined using
cooling curve analysis (filled symbols). From Fig. 3 it is ob-
vious that the impact of Si content is more significant than
that of Cu. The obtained values are very important for simu-
lation engineers, who use these solid fraction values as a
feeding criterion during simulation.

A similar approach can be applied for determining the
area fraction of individual phases that precipitate during so-
lidification of Al–Si–Cu alloys. It is evident from Fig. 4
that the area between path (TAl�Si

NUC � Tsol) and the first deri-
vative of the cooling curve (FD) should be proportional to
the latent heat of solidification of the Cu enriched phases.
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Fig. 3. Impact of Si and Cu content on the distribution of the solid
fraction at TAl�Si

E .
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Recently, it has been shown that the total area fraction of
the Cu enriched phases determined using image analysis
correlated very well with an integrated area (hatched area
on Fig. 4.) of the Cu-enriched phases of Al–Si–Cu alloys
[26].

3.7. Thermal freezing range

Another useful criterion that can be extracted from the cal-
culated solid fraction curve is the non-equilibrium partial
freezing range near termination of solidification that ac-
cording to [30] has been abbreviated as the thermal freezing
range (TFR). The TFR has a significant impact on the hot
tearing formation. In general as the freezing range increases
the hot tearing susceptibility also increases. The chemical
composition is the main influencing factor on the freezing
range. Unfortunately, a range in which this criterion has to
be calculated has not yet been established.

In this paper a range between 95.0% and 99.5 solid %
fraction (TFR (fS95 � fS99:5)) recently proposed by Pabel
et al. [31, 32] has been used. In this work, the TFR was de-
termined using fraction solid curves which have been calcu-
lated either using data from cooling curve analysis or Pan-
dat data obtained applying the Scheil solidification method.

Tables 6 and 7 summarize TFRs that have been calcu-
lated using both above mentioned approaches. Analyzing
results from Table 6 it could be concluded that increases of
1 wt.% in Cu decrease TFR by*8.2 8C, while the increases
of 1 wt.% in Si reduces the TFR by *1.75 8C. From both
Tables (6 and 7) it is evident that Cu contents have a larger
impact on the hot tearing formation than Si contents. Ex-
perimental evaluation of the hot tearing tendency in alumi-
nium alloys is very complex. Cooling curve analysis has
the potential to quantify these criteria and should be used
more often.

In this work only the cooling curve, its first derivative,
DT curve and the calculated solid fraction curve have been
used to determine various solidification parameters of the
investigated alloys. According to some researchers [33,
34] this is not the end of cooling curve application. Accord-
ing to Sparkman [33] higher order derivatives offer the pos-
sibility of introducing thermal analysis to become much
more than just a quick quality control tool. With the ability
to actually measure the energy of individual phases, shrink-
age and stress, many more characteristics of the aluminium

alloys will be available through the measurements run on
the foundry floor [33]. Applying new generation of data
loggers, high speed computers, high precision thermocou-
ples and good mathematical procedures many of the cur-
rently unidentified parameters from the cooling curves and
their derivatives will be more easily detected and could po-
tentially be used as input data for available simulation soft-
ware packages.

4. Conclusions

A comprehensive understanding of the solidification pro-
cess is of paramount importance for the control and predic-
tion of actual casting characteristics. This work has shown
that thermal analysis is a valuable tool widely used in alu-
minium foundry that can collect numerous parameters
(characteristic solidification temperatures, solid fraction
distribution, fraction of particular phases and TFR) benefi-
cial for better understanding the solidification path of Al–
Si–Cu alloys. In addition, the data collected using cooling
curve analysis should be applied in existing simulation soft-
ware in order to improve accuracy of simulation.

The interest in simulation applied in the aluminium cast-
ing industry has grown significantly in the last few decades.
Three main reasons are responsible for that: (i) the neces-
sity to improve productivity and quality of cast products
(ii) to speed up the design process and (iii) to investigate
the influence of different process parameters without the
need for expensive experimental trials. The accuracy of
casting simulation depends a great deal on the quality of
the available physical and thermophysical material proper-
ties provided by the software’s database. Available data-
bases presently used by commercial simulation software
packages for the casting industry usually come with materi-
al properties for only a few selected standard alloys. Cer-
tainly, the industrial interest is to be able to make simula-
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Fig. 4. The part of the first derivative curve related to Cu-rich phase.

Table 6. Characteristic TFR (f S95 � fS99:5) of Al–Si–Cu alloys
determined using cooling curve analysis.

Silicon (wt.%)

5 6 7 8 9

Copper
(wt.%)

1 49.56 39.48 42.59 36.34 40.76
2 34.10 38.80 25.07 23.40 11.50
3 19.62 22.13 13.45 12.37 9.85
4 9.62 14.38 4.75 9.43 7.02

Table 7. Characteristic TFR (f S95 � fS99:5) values of Al–Si–Cu
alloys calculated using Pandat program (Scheil solidification
mode).

Silicon (wt.%)

5 6 7 8 9

Copper
(wt.%)

1 42.98 41.08 38.57 36.55 4.61
2 18.63 21.25 12.57 19.38 16.56
3 3.58 6.48 0.67 4.40 0.12
4 5.53 7.28 0.27 3.04 0.02
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tion and optimization based on more realistic databases in
order to more reliably predict the quality of very complex
cast parts. Thermal analysis has such an opportunity, and
has to be used more often in providing simulation engineers
with all necessary data for simulation in synergy with com-
mercial software packages.

Final casting products contain different cross-section
thicknesses that solidify under different cooling rates,
which in turn affect the as-cast structure. In order to be able
to simulate such intricate cast products it is necessary to
have a deeper understanding of the effect of cooling rate
on the solidification process. Thermal analysis is a useful
tool to help estimate the effect of cooling rate on the result-
ing cast structure. The thermal analysis apparatus is capable
of collecting the cooling curves for solidification under var-
ious cooling rates. For each cooling rate all above men-
tioned parameters can be measured/calculated and used as
input data for simulation.

This work has been supported by the Ministry of Education, Science
and Technological Development of the Republic of Serbia (Projects
ON 172005 and TR 35023).
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