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EFFECT OF TITANIUM ADDITION ON THE PRO-EUTECTIC AND EUTECTIC PHASES OF AlSi9 CAST ALLOY

In this study, the effects of grain size refiner addition and various pre-heating mold temperatures on AlSi9 cast alloy micro-
structure and solidification have been evaluated. For different process conditions, thermal analysis was performed for all samples 
and cooling curves were established. Important parameters in liquidus and eutectic Si-phase regions have been calculated using 
the first derivative cooling curves. Secondary Dendrite Arm Spacing (SDAS) variation was also determined. Experimental results 
question the effectiveness of cooling curve parameters in providing the microstructure data as a function of refinement. The pre-
sent work shows that the effect of grain refiner addition on the value of SDAS was higher when the solidification time was lower. 
It indicated that the solidification parameters such as nucleation temperatures of α-Al phase, undercooling temperature and total 
solidification time were affected by grain refinement. It has been found that the addition of grain refiner affect the eutectic phase 
formation time. However, it has no effect on the eutectic phase morphology. 
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1. Introduction

In the industry, great interest is given to lightweight met-
als due to their low costs production, ease of machining and 
good recycling possibilities. Aluminum-silicon alloys (Al-Si) 
offer good advantage for automotive, aerospace and engineer-
ing applications as good castability properties, high corrosion 
resistance and good physical and mechanical properties [1-5].

During the solidification process, the microstructure deter-
mines the final properties of castings. The grain refinement in 
aluminum alloys is simulated by introducing new nuclei on the 
primary particles in order to improve the quality of the casting 
[6]. In casting process, refinement is carried out through three 
methods: i – thermal method: cooling rate control; ii – chemical 
method: grain size refiner addition; iii – mechanical method: 
agitation of melt during solidification [7-9].

Over the past years, many researchers have thoroughly 
studied the effect of grain refinement on microstructure of alu-
minum alloys. In hypoeutectic aluminum-silicon alloy casting, 
the particles added in very small amounts of master alloys of 
Al-Ti, Al-Ti-B or Al-Ti-C to the melt before casting promote 
refinement. It is generally agreed that when master alloys are 
added, different intermetallic particles (TiAl3, TiB2, (Al,Ti)
B2, TiC or AlB2) are released into the melt to subsequently 

act as nucleants [10-13]. The addition of grain refiner induces 
the creation of heterogeneous nucleation sites which are dis-
persed in the metal liquid and thus lead to the reduction of the 
grain size. Therefore, it is necessary to create a large number 
of solidification nuclei that allow refinement of the structure 
and that consequently improve the mechanical characteristics 
[14,15]. Cooling rate is one of the most important variables 
which determine microstructure and mechanical properties of 
castings. Increasing the cooling rate reduces the solidification 
time, refines the grain size and forms dendrites with small size. 
Solidification time directly affects the ability of the liquid metal 
to feed the solidifying interdendritic region.

The best technique to assess the degree of grain refinement 
is the direct measurement from metallographically prepared 
samples. Although, optical microscopy takes time in prepar-
ing samples and requires the cutting of the casting, a chemical 
analysis determines the amount of grain refiner in the melt but 
it does not inform about the cooling rate. The thermal analysis 
of melts as in-situ technique is nowadays extensively used in 
industry as primary control tool [16,17]. 

Actually, the cooling curve and/or its derivatives are used 
to assess the effect of melt treatment on solidification parameters 
that are correlated to microstructural changes in Al-Si alloys. 
It is used to estimate alloy composition, grain size, secondary 
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dendrite arm spacing (SDAS), solidification latent heat and solid 
fraction [18-21].Most research on Al-Si alloys has focused on 
the effect of grain refiners on the characteristic features of the 
primary Al dendrite and/or the effect of modifiers on the eutectic 
structure under different solidification conditions. However, to 
our knowledge, little works has been conducted on the influence 
of grain refiners on the eutectic features. The aim of this work 
is to investigate the effects of grain refiner addition and initial 
mold temperature on the microstructure of AlSi9 alloy. Char-
acteristic features including cooling rate, α-Al dendrite growth 
temperature, recalescence undercooling, aluminum-silicon eu-
tectic nucleation temperature, aluminum-silicon eutectic growth 
temperature, solidification time as well as other events related 
to the solidification were analyzed.

Experimental data obtained using cooling curve thermal 
analysis (CCTA) were correlated to metallographic analysis. The 
microstructural feature that has been evaluated is the secondary 
dendrite arm spacing [22,23].

2. Material and methods

In this study we used an aluminum-silicon alloy EN AC-
44400. The latter was melted in silicon carbide crucibles using 
an electric resistance furnace and maintained at a temperature of 
730°C. In order to ensure better control of the pouring tempera-
ture, a direct reading of the temperature in the mold was taken 
by means of type-K thermocouple. The metallic mold used for 
the cooling curve thermal analysis in this work, named Tatur, 
is shown in Fig. 1.

The pro cess variable considered in this study is the metallic 
mold preheat temperature. The mold was coated with lubricant 
spray (Dycote F39) and preheated at two temperatures 150°C and 

300°C. The initial temperature of the steel mold was measured 
using contact type thermocouple. Grain refinement can be at-
tained by increasing the cooling rate of casting or grain refiner 
addition. Titanium based grain refiner was introduced in the melt 
in the form of potassium fluotitanate (K2TiF6) salt. The chemical 
composition of the untreated and treated alloy corresponds to the 
average values of three measurements in the sample obtained by 
a spark emission spectrometer, is shown in Table 1.

The variation of temperature during the solidification 
process is measured by positioning a thermocouple in the mold 
cavity receiving molten metal before pouring. Indeed, in order 
to quantify the temperature change high sensitive K-type ther-
mocouple, protected by a stainless steel sheath, were located in 
the mold cavity and connected to data acquisition and recording 
system, as indicated in Fig. 2. 

The signal was recorded every 0.5 s for all experiments. 
The cooling curves (temperature-time curves) were drawn 

TABLE 1

Chemical composition of the casting alloy EN AC-44400 (wt.%)

Alloy ISO Designation Si Mg Fe Cu Zn Mn Ti Al
Standard EN AC-44400

AlSi9
8.0-11.0 0.1 0.65 (0.55) 0.1 (0.08) 0.15 0.5 0.15 bal.

Measured 8.626 0.022 0.398 0.064 0.41 0.173 0.013 bal.
Grain-refi ned sample 8.652 0.015 0.406 0.058 0.414 0.168 0.045 bal.

Fig. 2. Thermal analysis configuration with metallic mold and a thermocouple

Fig. 1. Permanent mold used to cast TATUR specimen (Dimensions 
are in mm) [24]
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by means of dedicated software. Characteristic features in-
cluding temperature and time related to the start and end of 
phase transformation, undercooling as well as other events 
related to the solidification by using CCTA technique were deter-
mined. 

The analysis of the cooling curves was accompanied by mi-
crographic analysis. The thermal analysis samples were sectioned 
horizontally through the place that tip of the thermocouple was 
located, and were ground, polished to 1μm and etched by Keller’s 
reagent to facilitate observations made under optical microscope 
(Olympus BX60). The average of more than 10 measurements 
of the secondary dendrite arm spacing was performed using 
image analysis software [4]. To calculate the SDAS, the length 
of the line measured was divided to the number of secondary 
dendrites arm spacing. SDAS variation depending on refinement 
and solidification time was evaluated [25].

3. Results and discussion

3.1. Microstructural analysis

SDAS is a microstructural parameter widely used to 
measure the coarseness of the microstructure in hypoeutectic 
aluminum-silicon alloys [26]. The secondary dendrite length 
was determined as the average value of the maximum second-
ary dendrite lengths in 10 optical fields randomly selected [4]. 

The changes in SDAS depend on chemical composition, liquid 
metal treatment, cooling rate/ solidification time and temperature 
gradient [22].

Microstructures of some samples are shown in Fig. 3. It 
shows that the dendrite distribution tends to be more homogene-
ous as the initial mold temperature increases. Fig. 3d) illustrates 
the combined effect of higher mold temperature and refinement 
addition on the alloy microstructure. In this case, the formation 
of fine microstructure and homogeneous distribution of the den-
drites has been observed due to uniform distribution of nuclei. 
In addition, one can notice that adding grain refiner affects the 
morphology of the dendritic cells that become more spherical 
(equiaxed structure). 

The result of average SDAS measurements in function 
of the grain refiner addition and mold temperature is shown in 
Fig. 4. It was found that the untreated sample poured in mold 
preheated at 300°C has the coarsest primary α-Al phase homo-
geneously distributed within the metal matrix. The decrease 
of the initial mold temperature from 300°C to 150°C reduces 
respectively average SDAS values from 52 μm to 45 μm and 
from 43 μm to 29 μm for untreated sample and grain refined 
sample. Consequently, the effect of grain refiner addition when 
the mold temperature is at 300°C on SDAS is approximately 
similar to the effect of the initial mold temperature reduction. 
This confirms that the change of the cooling rate affects the 
SDAS value. These results are in line with literature for other 
Al-Si alloys [27]. Decreasing the energetic barrier encourages 

Fig. 3. SDAS measurements in untreated sample at a) Tmold = 150°C, b) Tmold = 300°C, grain-refined sample at c) Tmold = 150°C, d) Tmold = 300°C
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the multiplication of nuclei sites by acting on either cooling rate 
or adding grain refiner.

Based on the equilibrium phase diagram, dendritic alu-
minum phase develops prior to the eutectic formation. It is 
usually believed that the eutectic phase in Al-Si alloy is an 
interdendritic phase. It is obvious that the hypoeutectic Al-Si 
alloys properties strongly depend on the size, morphology and 
distribution of the eutectic silicon. Indeed, to our knowledge, the 
direct effect of the addition of the grain refiners on the eutectic 
has not been found. After refiner addition, the SDAS is smaller 
and consequently the eutectic phase is getting more divided as 
shown in Fig. 5. However, one can affirm that it has no effect 
on eutectic phase morphology (acicular).

3.2. Thermal analysis

The refinement level can be determined using both metal-
lographic and thermal analysis techniques. The cooling curves 
recorded for the AlSi9 cast alloy for different process condi-
tions were used to determine solidification parameters such as 
liquidus and solidus temperatures and time related to the start 
and end of phase transformation, cooling rate, undercooling 
and solidification time. The latter is defined as the time interval 

elapsed between the liquidus and solidus temperature. The liq-
uidus is related to the nucleation of α-Al primary phase and the 
solidus is related to the end of solidification. These temperatures 
and more detailed information pertaining to the alloy’s thermal 
characteristics such as aluminum-silicon eutectic growth tem-
perature, and eutectic time were collected from the first deriva-
tive of the cooling curve. 

In literature, a noticeable disagreement has been noticed 
in some solidification parameters determination. In this paper, 
the average cooling rate has been calculated as the ratio of the 
temperature difference between liquidus and solidus tempera-
tures to the total solidification time as shown in the following 
equation: 

  N S

N S

T T
Cooling rate

t t
  (1)

Where TN and Ts are liquidus and solidus temperature respec-
tively, tN and ts are the time recorded at the beginning and the 
end of solidification respectively. The other solidification pa-
rameters are determined from cooling curves according to the 
method indicated by Shabestari & Malekan [17] as shown in 
Fig. 6 and Table 2.

Fig. 4. Variation of SDAS parameter as a function of the grain refiner 
addition and initial mold temperature

Fig. 5. Eutectic area in the a) untreated sample b) grain-refined sample

TABLE 2

Solidification characteristic parameters shown in Fig. 6

Characteristic 
symbol Characteristic description

TN, α 
TS
ΔTS

tf
CRL
CR 

TMin, α 
tN, α 
TG, α 
TN,Si
TG,Si
TN,Cu
TG,Cu

α-Al dendrite nucleation (liquidus) temperature
Solidus temperature (end of solidifi cation process)

Solidifi cation range (ΔTS = TN, α − TS)
Total solidifi cation time

Cooling rate in liquidus region
Cooling rate in mushy zone

α-Al dendrite minimum temperature
Nucleation undercooling time

α-Al dendrite growth temperature
Si eutectic nucleation temperature

Si eutectic growth temperature
Cu-rich eutectic nucleation temperature

Cu-rich eutectic growth temperature



389

Based on thermal analysis data, the cooling rates were 
calculated from the cooling curves as 0.1 and 0.25 °C.s–1 cor-
responding to the mold preheat temperature, of 300 and 150°C 
respectively. The cooling curves were plotted for each alloy 
condition. 

The Fig. 7 shows the variation of temperature versus time 
T = f (t) and their derivatives dT/dt = f '(t). During solidification 
of the AlSi9 alloy, we identified the solidification reactions by 
curve inflexions. The peaks are corresponding to nucleation and 
growth of aluminum α-Al dendrite and Al-Si eutectic phases.  The 

Fig. 6. Cooling curve, first derivative curve and representation of characteristic parameters for an aluminum alloy [17]

a)

c)

b)

d)

Fig. 7. Cooling curves and first derivatives for: a) Tmold = 150°C untreated sample, b) Tmold = 300°C untreated sample, c) Tmold = 150°C grain-
refined sample, d) Tmold = 300°C grain-refined sample
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solidification interval is defined as the temperature difference 
between the first and the last nuclei liquid to solidify. According 
to the classical germination theory, the critical nucleation radius 
is inversely proportional to undercooling and decreasing Gibbs 
energy barrier. Increasing the undercooling can be beneficial 
to the reduction of the critical germination radius. As a result, 
SDAS decreases with decreasing mold temperature due to the 
multiplication of nucleation sites.

Thermal analysis revealed that the solidification process 
of the AlSi9 alloy started at 596.1°C and ended at 553.9°C. In 
the presence of the grain refiner, liquidus temperature raised to 
600.5°C, as consequence of α-Al phase nucleation promotion. 
This is likely due to the increase in the number of nucleation 
sites. In literature, the increase in nucleation temperature is often 
associated with a decrease in grain size [28,29]. 

In comparison, when the mold is preheated to 300°C, the 
liquidus temperature increases from 598.3°C to 599.4°C after 
grain refiner addition revealing the effect of the refinement.

The structure of the alloy is strongly related to the number 
of germination sites present in the liquid metal when the metal 
reaches liquidus temperature. When the grain refiner is added 
to the liquid metal, the liquidus temperature increases showing 
the decrease of the energy barrier. Consequently, we can use 
liquidus parameters to predict the efficiency of grain refinement 
treatment. When a percentage of Titanium is added, the solidi-
fication interval increases as the solidification time decreases. 
Fig. 6 shows this effect.

Literature shows that the cooling rate plays an important 
role in the refinement of metal structures. A high mold tempera-
ture allows a low cooling rate. On the other hand, increasing the 
initial mold temperature could be related to the increase of the 
solidification time. This later decreases when the temperature 
of the preheating of the mold changes from 300°C to 150°C. 
Indeed, the solidification time increases from 277 s to 379 s for 
untreated samples. It value raises from 228 s to 315 s for the 
grain refined samples. This experimental finding is corroborated 
by [11]. 

High cooling rate and short solidification time refines the 
structure of the casting and increases grain density. This is in 
accordance with LY. Zhang and K.L. Davami [30,31] findings 
for A356. Moreover, the observed shift in the solidification time 
might be affected by the elevated concentration of α-Al in the 
liquid prior to the eutectic nucleation.

It is noted that the effect of grain refinement on the SDAS 
under the conditions where the mold was preheated to 150°C is 
more striking. The highest liquidus temperature was observed 
for cast samples after refinement in the preheated mold at 300°C. 
This is in contrast to the fact that the lowest values of SDAS 
were found for the case where the refined metal was cast in 
a preheated mold to 150°C. The results of this study show that 
changes in liquidus temperature can be correlated with the mi-
crostructure obtained, but it does not take into account the mold 
temperature variation.

When the mold temperature shift up from 150 to 300°C, 
the eutectic time increases from 119 s to 192s for the untreated 

samples and from 118 s to 152.5 s for the grain-refined samples 
poured. In the case of the mold preheated at 300°C we noticed 
that the eutectic time decreases significantly without a change 
in the eutectic temperature for the grain-refined samples. This 
indicates a rapid solidification of the Al-Si eutectic phase. From 
these data, we can affirm that the eutectic time is affected by the 
grain refiner addition.

When the SDAS is small, eutectic formation speed in-
creases. Therefore, the dendrite matrix formation affects eutectic 
solidification. If we recognize that the eutectic formation speed 
is affected by the grain refinement, one can not affirm that it has 
any effect on eutectic phase morphology (acicular).

4. Conclusion

In the present work, the study of AlSi9 cast alloy has been 
undertaken. The grain size refiner addition is a practical solution 
to obtain refined microstructure. The effects of Titanium refine-
ment and initial mold temperature on the microstructure of the 
alloy AlSi9 have been studied. Grain refinement efficiency was 
assessed by microstructural and thermal analyses. 

The experimental results revealed that the grain size re-
finer changes the cells morphology from a columnar dendritic 
to a multiple spherical cells. The solidification parameters are 
affected by Titanium grain refinement. In-situ thermal analysis 
technique is of great practice for foundry man to estimate the 
refinement degree of Al-Si alloys. The solidification time and 
specially the eutectic phase formation time have decreased by 
addition of grain size refiner. Moreover, the decrease in solidi-
fication time brought about by mold temperature variation has 
an effect more pronounced when grain refiner is added. These 
changes do not affect the eutectic phase morphology and the 
eutectic temperature. The industrials can use the cooling rate 
variation to enhance the grain refiner effect.
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