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Abstract

The Al-20%Si melt heated to 785oC (1445oF) and 850oC 
(1562oF) exhibited refinement of the primary Si while heating 
to 735oC (1355oF) produced coarse and heterogeneous 
primary Si crystals following the solidification process 
at approximately 1.3, 4.5, 15 and 35oC/s. The primary 
Si crystals were 40% finer for the samples heated to 
850oC (1562oF) as compared with those heated to 735oC 
(1355oF). Higher cooling rates produced better primary 
Si refinement and minimized its variation caused by the 
melt temperature. The secondary dendrite arm spacing 
(SDAS) was not affected by the melt temperature and was 
a function of the cooling rate for the given experimental 
conditions. The SDAS changed from approximately 

32 to 22µm for a 1.3 and 4.5oC/s cooling rate and was 
reduced to approximately 11µm for a 35oC/s cooling rate. 
Cooling curve analysis was used to analyze the sequence 
of the metallurgical transformations and fraction liquid 
development during alloy melting and solidification. The 
non-equilibrium thermal characteristics under cooling rate 
up to 15oC/s were analyzed as well. The experimental results 
were used to optimize the casting process and improve the 
service characteristics of the vacuum assisted high pressure 
die casting (HPDC) motorcycle engine blocks.
Keywords: Al-Si hypereutectic alloy, high pressure die 
casting, melt temperature, cooling rate, primary Si, secondary 
dendrite arm spacing, non-equilibrium thermal analysis 

Introduction

Hypereutectic Al-Si alloys proved to be an excellent choice of 
materials for high performance automotive cast component 
applications. A combination of satisfactory wear resistance, 
cooling characteristics and weight reduction makes these 
materials a good candidate for monolithic engine block 
applications.1-7 Increased concentration of Si minimized 
the thermal expansion coefficient and improved the alloy’s 
thermal conductivity by almost 3 times in comparison with 
cast iron.8,9 Use of monolithic hypereutectic Al-Si engine 
blocks increased the horsepower and displacement as 
compared to the cast iron blocks and aluminum blocks with 
cast iron liners.2 The tribological properties were mainly 
controlled by the primary Si size and its distribution as well 
as its exposure height from the aluminum matrix. Primary 
Si crystal characteristics cannot be changed by post casting 
processing (i.e. heat treatment), hence optimum melt treatment 
and solidification process conditions are critical in obtaining 
the required tribological properties.10-15 It was reported that 
the primary Si particles diameter in the range between 380 
and 80µm resulted in satisfactory wear resistance (negligible 
scoring of the cylinder walls).2 Adequate refinement of 
the primary Si crystals is of key importance and creates a 
technological challenge particularly for slowly solidified 
cast components or their particular sections. Despite the 

recent advancements in light metals casting technologies, 
control of primary Si crystal size and distribution as well 
as control of the excessive alloy latent heat still presents a 
considerable challenge to the metal casting community. 
The metallurgical principles behind as-cast microstructure 
development have been investigated for decades. Currently 
the focus is on refinement of the primary Si crystals achieved 
by controlled alloying, addition of master alloys and rapid 
solidification.1,4,16-22 The scientific thrust is also centered on 
the mechanical, electromagnetic and ultrasonic melt treatment 
techniques used to modify the primary Si crystals as well as 
other structural constituents.23-26 Powder metallurgy offered 
an alternative method to achieve satisfactory refinement of 
the primary Si crystals however, due to the prohibitive cost is 
used only for selected applications. 

Modern light metals casting technologies are very 
complex and involve a diverse set of variables that must 
be quantitatively evaluated for process optimization 
and consequently a high quality product. Progress in 
the development of thermal data acquisition systems 
allows researchers to collect more reliable information 
on individual operations in both laboratory and industrial 
settings. However, in most cases critical thermal data lacks 
spatial resolution (especially for higher solidification rates) 
and cannot be easily collected between various operations.
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Recent research carried out by authors6, 7 quantified the 
effect of solidification rates on the refinement of the primary 
Si and modification of the Al-Si eutectic with respect to the 
HPDC processing. The solidification rates corresponding to 
the critical section of the castings were estimated based on 
the comparative thermal and structural analysis and were 
between 50-85oC/s. 

The goal of this publication is to quantify the effect of the 
Al-20%Si melt temperature and solidification rates on the 
primary Si size, SDAS and the temperatures of the non-
equilibrium metallurgical reactions.

Experimental Procedures

Alloy Chemistry and the Test Sample Design

The Al-20%Si alloy chemical composition listed in Table 1 
was used in the following studies. This phosphorus modified 
alloy was specifically developed for the vacuum assisted 
HPDC technology used for motorcycle monolithic engines 
blocks.6,7,15,27

The first series of experiments were performed using 
cylindrical test samples with a diameter of j = 16mm and 
a length of l = 18mm. These samples were extracted from 
a production ingot. Each sample had a predrilled hole in 
the center to accommodate a thermocouple that collected 
the thermal data and controlled the processing parameters 
(i.e. temperature, time, heating and cooling rates). The size 
of the macro test sample was sufficient for the subsequent 
metallurgical analysis as well as mechanical testing.

Thermal Analysis During Alloy Melting and 
Solidification Cycles

Thermal analysis during the melting and solidification cycles 
was carried out using the UMSA Platform.30 The test samples 
were processed in low thermal mass crucibles manufactured 
from a low density ceramic (~0.28g/cm3) and steel foil 
used for a circumferential surface. The ratio between the 
test sample mass (16g) and the mass of its container was 
approximately 10:1. This design considerably reduced the 
thermal inertia and improved the thermal signal to the noise 
ratio. In order to assure high repeatability and reproducibility 
of the thermal and metallographic data from the melting 
and solidification experiments, the test sample mass was 
16±0.2g. The melting and solidification experiments were 
carried out in an ambient air environment. The procedure 
comprised of the following steps: First, the test samples 
were heated to the predefined temperature and isothermally 

kept within the range of ±0.2oC for a period of 25 minutes in 
order to stabilize the melt conditions. The melting rate was 
kept constant. Next, the test samples were solidified using 
approximately 1.3, 4.5 and 15oC/s average cooling rates, 
that were representative of the sand casting (<5oC/s) and low 
pressure permanent mold (LPPM) technologies (>10oC/s). 

In order to assure rapid temperature response, very low 
thermal mass thermocouples were utilized. The thermal 
analysis signal in the form of heating and cooling curves was 
recorded during the melting and solidification cycles. The 
temperature vs. time and the first derivative vs. temperature 
curves as well as the fraction liquid / solid vs. temperature 
curves were calculated and plotted. The melting rate was 
calculated between the non-equilibrium solidus (start of the 
melting process) and the non-equilibrium liquidus (end of the 
melting process) temperatures, i.e., 504.1oC (939.4oF) and 
701.9oC (1295.4oF) and was equal to approximately 0.75oC/s. 
The conventional average cooling rate is calculated between 
the non-equilibrium liquidus and solidus temperatures.14,28,29 
The authors chose to calculate the cooling rate between 
730oC (1346oF) and 380oC (716oF) that corresponded to the 
melt injection into the die and the removal of the casting 
respectively in the industrial HPDC process.

The fraction liquid curve obtained during the melting cycle 
was determined by calculating the cumulative surface 
area between the first derivative of the heating curve and 
the base line. The base line represented the hypothetical 
first derivative of the melting curve that did not exhibit 
metallurgical transformations during the melting process. 
The area between the two derivative curves (calculated 
between the solidus and liquidus temperatures) was 
proportional to the latent heat of melting of the given alloy. 
Therefore, the latent heat of the melting process affected the 
fraction liquid evolution. 

Solidification Experiments Under Slow Cooling Rates

Cylindrical test samples were heated to 735oC (1355oF), 
785oC (1445oF) and 850oC (1562oF), then held for 25 minutes 
and solidified under natural heat exchange conditions 
equivalent to a 1.3oC/s cooling rate. An identical experiment 
was repeated except that the cooling rate was increased to 
4.5oC/s using compressed air applied to the outer surface of 
the test sample. The temperature vs. time signal was collected 
for subsequent assessment of the thermal characteristics 
of the solidification cycle. This detailed thermal analysis 
procedure was described in previous publications.6,7,14,28,29 
This approach allowed for linking of the alloy’s thermal and 
microstructural characteristics. 

Table 1. Average Chemical Composition of the Hypereutectic Al-20%Si Alloy (wt%)

Copyright 2009 American Foundry Society, www.afsinc.org. Reprinted with permission.



 57International Journal of Metalcasting/Summer 09

Rapid Solidification Experiments in a Copper Mold

A copper mold weighing 12 kg with dimensions of 
150x150x76mm (width x length x height) was used 
to investigate the effect of the melt temperature on the 
test sample microstructure that solidified under a high 
cooling rate. The cast cylindrical blocks had an OD = 
91mm, a height of 43mm and a mass of 448±15.6g. After 
preliminary experiments the initial mold temperature was 
set at 30oC (86oF). A high cooling rate was accomplished 
by circulating water through the cooling channels 
inside the mold. The water temperature was controlled 
by a CARON thermostatic bath with ±2oC accuracy. 
Based on regression equations obtained from previous 
studies it was determined that an average cooling rate of 
approximately 35oC/s could be achieved in the copper 
mold.6 This cooling rate is representative of the LPPM 
technology (>10oC/s) but is lower in comparison with the 
HPDC (~100oC/s) except these observed in the casting’s 
thick sections. In order to determine the effect of the melt 
temperature on the as-cast microstructure the alloy was 
heated in an electric resistance furnace under a protective 
Argon atmosphere to 735oC (1355oF) and 850oC (1562oF) 
and maintained for 25 minutes for homogenization. A 2kg 
siphon ceramic crucible was used for melt transfer and 
casting of the test samples. 

In addition, in order to quantify the effect of the melt 
pouring temperature on the as-cast microstructure the melt 
was heated to 850oC (1562oF), homogenized and slowly 
cooled in a ceramic crucible prior to pouring into a copper 
mold at 730oC (1346oF). The pouring operation 
was performed at approximately 45oC (113oF) 
above the non-equilibrium liquidus temperature. 
After completion of the casting experiments the 
test samples were sectioned and prepared for 
metallographic observations.

Metallographic Assessment of the  
Test Samples’ Microstructure 

Perpendicularly sectioned thermal analysis 
and copper mold test samples were prepared 
for metallographic analysis using standard 
procedures. Metallographic analysis for copper 
mold test samples was conducted 5mm from the 
bottom of the mold.

An automated Leica light optical microscope 
linked with the image analysis system was 
used for determination of the equivalent 
diameter (ED) of the primary Si particles. 
The ED was defined as the diameter of the 
circle having the same area as the analyzed 
feature. Twenty five (25) analytical fields 
were analyzed and the average value of the 
ED and the corresponding standard deviation 

were calculated. SDAS was measured using the intercept 
method. Thirty dendrites (30) were analyzed and the 
average values of the SDAS with the corresponding 
standard deviation were calculated.

Results 

Solidification Experiments Under  
Slow Cooling Rates 

The metallographic analysis of the Al-20%Si phosphorus 
modified ingots used in this study revealed that the 
microstructure consisted of coarse primary Si crystals and 
unmodified Al-Si eutectic as well as Cu based intermetallic 
phases dispersed in the aluminum matrix.6,7,15,27 The 
average ED of the Al-20%Si ingot’s primary Si particles 
was approximately 45mm for targeted 100ppm addition of 
phosphorus. Thermal analysis of the ingot’s heating cycle 
revealed that the non-equilibrium melting process started 
at a temperature of 504.1oC (939.4oF) and ended at 701.9oC 
(1295.4oF) (Figure 1).6,7 Above this temperature the melt was 
in a liquid state. The fraction liquid curve obtained during 
the alloy melting process at a rate of 0.75oC/s indicated 
that above 585oC (1085oF), (i.e. end of dissolution of Al-Si 
eutectic) the melt consisted of approximately 83% a liquid 
phase that contained undissolved primary Si crystals (Figure 
1 and Table 2a). A further increase in melt temperature 
above 585oC (1085oF) resulted in a gradual decrease of 
the solid phase while the 100% liquid phase was reached 
at a temperature of 701.9oC (1295.4oF). Exceeding this 
temperature increased the melt’s superheat.

Figure 1. Fraction liquid (FL) and first derivative (FD) vs. temperature 
curves recorded for the Al-20%Si phosphorus modified alloy during 
the heating cycle to 785oC (1445F) with an approximate average 
heating rate of 0.75oC/s. The numbered arrows correspond to the 
metallurgical reaction and are outlined in Table 2a. The melting 
range of the Cu based phases and the Al-Si eutectic is indicated by 
#a while the melting of the primary Si is indicated by #b.
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Temperature vs. time cooling curves recorded for the test 
samples heated to 735oC (1355oF), 785oC (1445oF) and 
850oC (1562oF) are presented in Figure 2a. The average 
cooling rate calculated between 730oC (1346oF) and 380oC 
(716oF) was approximately 1.3oC/s and the maximum 
instantaneous cooling rate was approximately 4oC/s as 
measured at the liquidus temperature point (Figure 2b). 
Three visible temperature arrests were noted on the 
cooling curves (Figure 2a). More detailed information 

pertaining to the alloy’s thermal characteristics such 
as non-equilibrium liquidus, nucleation of the Al-Si 
eutectic, etc. was collected from the first derivative vs. 
temperature curves. The representative curve recorded for 
the test sample heated to 785oC (1445oF) and solidified at 
a cooling rate of 1.3oC/s is presented in Figure 2b. The 
metallurgical reactions are pointed out by the numbered 
arrows and their corresponding numerical values are 
presented in Table 2b.

Table 2a. Non-Equilibrium Thermal Characteristics of the 
Al-20%Si Phosphorus Modified Alloy Obtained During the Melting Process

Table 2b. Non-Equilibrium Thermal Characteristics of the 
Al-20%Si Phosphorus Modified Alloy Obtained During the Solidification Process
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Figure 2a. Temperature vs. time cooling curves recorded for the 
Al-20%Si phosphorus modified alloy heated to 735oC (1355oF), 
785oC (1445oF), 850oC (1562oF) and solidified at an average 
cooling rate of approximately 1.3oC/s. The corresponding 
microstructures are presented in Figure 3. The numbered arrows 
correspond to the metallurgical reaction and are outlined in 
Table 2b.

Figure 2b. First derivative vs. temperature cooling curve recorded 
during the solidification cycle of the Al-20%Si phosphorus modified 
alloy heated to 785°C (1445°F) and solidified at an average cooling 
rate of approximately 1.3oC/s.
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Based on the analysis of the first derivative of the cooling 
curve (CR = 1.3oC/s) the liquidus temperature was determined 
at 685.5oC (1265.9oF) (Figure 2b). At this temperature the first 
primary Si crystals nucleated from the melt. Evolved latent 
heat caused the temperature of the surrounding melt to rise. 
This point was clearly visible as a sudden change occurred 
in the first derivative curve (point #4 in Figure 2b). As the 

solidification process continued to progress, the primary Si 
crystals continued to grow. At 566oC (1050.8oF) the next 
abrupt change in the first derivative curve corresponded 
with the nucleation of the Al-Si eutectic (point #5 in Figure 
2b). The latent heat of the eutectic silicon is approximately 
1800kJ/kg (as compared with 390kJ/kg for aluminum) 
and was sufficient to increase the melt temperature during 
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Metallographic observations revealed the effect of the 
melt temperature on the size of the primary Si crystals for 
the alloy that solidified under an average cooling rate of 
1.3oC/s (Figures 3 and 4). The ED of the primary Si particles 
was 96.9±32.7µm for the melt heated to 735oC (1355oF) 
and 75.8±19.4µm and 79.2±23.9µm for 785oC (1445oF) 
and 850oC (1562oF) respectively. The low melt heating 
temperature (i.e. 735oC/1355oF) resulted in coarse primary 
Si crystals and their heterogeneous distribution. It was found 
that the melt heated to 850oC (1562oF) had a slightly coarser 
average ED of primary Si particles than the melt heated to 
785oC (1445oF). However, the 3.4µm difference between 
the ED was not statistically significant which also indicated 
the overlapping standard deviation for these test samples. 
Image analysis showed that the SDAS was between 31.9 
and 34.4mm (Figure 5) for the test samples heated to 735oC 
(1355oF), 785oC (1445oF) and 850oC (1562oF) and these 
differences were not statistically significant.

the solidification process.8,32 This was manifested by the 
positive value of the first derivative peak (Figure 2b). This 
phenomenon relates to the so-called recalescence effect.14,29,33 
The depression of the Al-Si eutectic temperature can be 
related to the chemical and/or thermal modification of the Al-
Si eutectic. The Si refinement level can be determined using 
both metallographic and thermal analysis techniques. A further 
decrease in the melt temperature resulted in the nucleation of 
the Cu based intermetallic phases at 512.9oC (955.2oF) (point 
#6 in Figure 2b). The convoluted peaks on the first derivative 
curve suggested that more than one spatially interrelated phase 
nucleated during the last stage of the solidification process. It 
was found that non-equilibrium liquidus was not affected by the 
melt temperature and was approximately 685oC (1265oF) for all 
analyzed test samples solidified at a cooling rate of 1.3oC/s. A 
similar observation was made for other metallurgical reactions, 
i.e., nucleation of the Al-Si eutectic, the Cu based phases and 
the solidus temperature.

Figure 3. Optical micrographs (100x) of the Al-20%Si phosphorus modified alloy test samples with the corresponding 
ED of the primary Si solidified at an average cooling rate of approximately 1.3oC/s. The alloy was heated to the 
ftemperatures as noted.

c) 850oC/1562oF (ED = 79.2μm±23.9).

a) 735oC/1355oF (ED = 96.9μm±32.7).

b) 785oC/1445oF (ED = 75.8μm±19.4).
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Figure 4. The equivalent diameter (ED) of the primary Si for the Al-20%Si phosphorus 
modified alloy heated to 735oC (1355oF), 785oC (1455oF), 850oC (1562oF) and solidified 
at an average cooling rate of approximately 1.3, 4.5 and 35oC/s.
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Figure 5. The secondary dendrite arm spacing (SDAS) of α-aluminum 
for the Al-20%Si phosphorus modified alloy heated to 735oC (1355oF), 
785oC (1455oF), 850oC (1562oF) and solidified at an average cooling rate 
of approximately 1.3, 4.5 and 35oC/s.
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Temperature vs. time cooling curves for the test samples 
heated to 735oC (1355oF), 785oC (1445oF) and 850oC 
(1562oF) and solidified at an average cooling rate of 4.5oC/s 
are presented in Figure 6a. The maximum instantaneous 
cooling rate was approximately 13oC/s as determined at the 
non-equilibrium liquidus temperature (Figure 6b). Spatial 

resolution of the cooling curves remained satisfactory 
despite the considerable increase in the cooling rate. Three 
(3) temperature arrests were visible on the temperature 
vs. time cooling curves (Figure 6a). The representative 
first derivative vs. temperature curve recorded for the test 
sample heated to 785oC (1445oF) and solidified at an average 
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cooling rate of 4.5oC/s is presented in Figure 6b. The 
metallurgical reactions are pointed out by the numbers and 
the corresponding numerical values are presented in Table 
2b. The non-equilibrium liquidus temperature remained 
unchanged for the analyzed melt temperatures and was 
found to be 700.9oC (1293.6oF) (point #4 in Figure 6b). This 

value was approximately 15oC (59oF) (higher than for the 
test samples heated to identical temperatures but solidified 
at a slower average cooling rate, i.e., 1.3oC/s. This indicated 
that the non-equilibrium liquidus temperature was a function 
of the cooling rate only for these particular experimental 
conditions i.e. chemical refinement.

Figure 6a. Temperature vs. time cooling curves recorded for the Al-20%Si 
phosphorus modified alloy heated to 735oC (1355oF), 785oC (1455oF), 
850oC (1562oF) and solidified at an average cooling rate of approximately 
4.5oC/s. Arrows correspond to the metallurgical reactions recorded during 
the solidification process. Detailed values are presented in Table 2b. The 
corresponding microstructures are presented in Figure 7.

Figure 6b. First derivative vs. temperature cooling curve recorded during 
the solidification cycle of the Al-20%Si phosphorus modified alloy heated 
to 785oC (1455oF) and solidified at a cooling rate of approximately 4.5oC/s.
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Metallographic observations of the test samples that solidified 
under an average cooling rate of 4.5oC/s revealed coarser 
primary Si for the melt heated to 735oC (1355oF) compared 
with 785oC (1445oF) and 850oC (1562oF) (Figure 7). The 
ED of the primary Si particles was found to be 62.9±20.3µm 
(for 735oC/1355oF), 53.6±12.7 (for 785oC/1445oF) and 
59.2±12.1µm (for 850oC/1562oF). It was observed that the 
microstructure of the test sample heated to 735oC (1355oF) 
was less homogenous as far as the primary Si particle 
distribution was concerned. This phenomenon was clearly 
manifested by the approximate double standard deviation as 
compared with the test samples heated to 785oC (1445o) and 
850oC (1562oF). The test sample heated to 850oC (1562oF) 
had a slightly larger ED of primary Si particles than the 

samples heated to 785oC (1445oF), but this difference was 
not statistically significant.

It was observed that the test samples solidified at an average 
cooling rate of 4.5oC/s had an SDAS in the range of 21.7 - 
24.7mm (Figure 5) for the melt heated to the temperature 
range of 735oC (1355oF) to 850oC (1562oF). The difference 
in the average SDAS between the analyzed test samples 
was not statistically significant. These observations were 
in agreement with the image analysis performed for the 
test samples solidified at an average cooling rate of 1.3oC/s 
except for the value of the SDAS that was approximately 
30% smaller for the test samples solidified at an average 
cooling rate of 4.5oC/s.

Figure 7. Optical micrographs (100x) of the Al-20%Si phosphorus modified alloy with the corresponding ED of the primary 
Si solidified at an average cooling rate of approximately 4.5oC/s. The alloy was heated to the temperatures as noted.

c) 850oC/1562oF (ED = 59.2μm±12.1).

a) 735oC/1355oF (ED = 62.9μm±20.3).

b) 785oC/1455oF (ED = 53.6μm±12.7).
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Rapid Solidification Experiments Using a  
Copper Mold

Metallurgical data generated from the rapid solidification 
experiments showed a vital phenomenon that allowed 
for control of the size of the primary Si particles as a 
function of the melt temperature. It was observed that 
the test sample heated to 735oC (1355oF) and rapidly 
solidified inside a water cooled copper mold had an 
average ED of the primary Si particle equal to 24.1±7.1µm 
(Figure 8a). This value was approximately 40% higher in 
comparison with the test samples heated to 850oC (1562oF) 
(ED=14.3±2.9µm) and solidified under identical conditions 
(Figure 8b). Microstructure observations and calculated 
standard deviations (7.1 vs. 2.9µm for the lower and higher 
melt temperatures) for the average ED revealed that the 
distribution of the primary Si particles was associated with 
their size. Fine primary Si particles were significantly more 
homogeneously distributed in the aluminum matrix.

Image analysis of the test samples heated to 735oC (1355oF) 
and 850oC (1562oF) revealed that the SDAS remained 
unchanged and was approximately 11µm (Figure 5). 
Consistent values for the SDAS indicated good thermal 
management of the copper mold and satisfactory repeatability 
of the experimental parameters.

Discussion

Accurate thermal characteristics including fraction solid 
and liquid during melting and solidification cycles are 
of paramount importance for optimization of various 
metal casting technologies. However, this data is not 
readily available especially for the non-equilibrium 
industrial processing conditions. For example, fraction 

liquid vs. temperature data is necessary for determination 
of the ingot’s heating temperature ensuring robust and 
economical semi-solid casting technologies rendering 
high quality components.34 Conventional laboratory 
quenching experiments from pre-determined temperatures 
(between the liquidus and solidus) combined with 
quantitative metallographic analysis commonly used for the 
determination of fraction liquid often render biased results. 
Current studies demonstrated the ability to quantify various 
thermal characteristics of the multi-component alloys that 
are processed under industrially relevant conditions. For 
example, generated data for the Al-20%Si alloy indicated 
that at 585oC (1085oF) the volume of primary Si crystals was 
approximately 17% and this solid phase was suspended in 
83% of the liquid melt. Melting of the primary Si crystals 
was completed at approximately 702oC (1295.6oF) when the 
melt reached the liquidus temperature.6,7

Characteristic temperatures of the metallurgical reactions 
obtained during Al-20%Si alloy solidification from 785oC 
(1445oF) at 1.3oC/s cooling rate are presented in Figure 2 and 
are summarized in Table 2b. This data indicates that the melt 
temperature did not affect the sequence of the metallurgical 
reactions. The non-equilibrium liquidus, nucleation of the 
Al-Si eutectic, nucleation of the Cu based phases and the 
solidus temperatures stayed within the ±3oC range during 
solidification cycles from 735oC (1355oF), 785oC (1445oF) 
and 850oC (1562oF). This low scatter was commonly 
observed during thermal analysis experiments and was most 
likely caused by sample heterogeneity.

Figures 2, 6, 10 and Table 2b indicate that during the non-
equilibrium solidification process the liquidus temperature 
was increased by approximately 28oC (82.4oF) when 
the average cooling rate was increased from 1.3 to 

Figure 8. Optical micrographs (100x) of the Al-20%Si phosphorus modified alloy with the corresponding ED of the 
primary Si heated to the following temperatures and solidified at an average cooling rate of approximately 35oC/s inside 
the water cooled copper mold as noted.

b) 850oC/1562oF (ED = 14.3±2.9μm).a) 735oC/1355oF (ED = 24.1±7.1μm).
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15oC/s (instantaneous from 4 to 35oC/s). The solidus 
temperature shifted up by approximately 5oC (41oF) from 
477oC (890.6oF) to 482oC (899.6oF) while the average 
cooling rate increased from 1.3 to 15oC/s. Accordingly, 
the solidification range increased from approximately 
208oC (406.4oF) to 231oC (447.8oF). Most likely the 
cause of the liquidus and solidus temperature shift might 
be the thermal signal drag caused by the temperature 
gradient inside the test samples that developed during the 
solidification process. Moreover, the observed shift of the 
liquidus temperature might be affected by the elevated 
concentration of Si in the liquid prior to its nucleation 
temperature. This could be a localized phenomenon 
characteristic of an undercooled melt where the diffusion 
process was restricted. The origin of this occurrence 
pertained to the fact that chemical changes dictated by 
the equilibrium phase diagram were unable to respond 
to the rapid temperature change forced by the heat flow. 
Consequently, the alloy solidification path had changed 
and the phase diagram was no longer obeyed. This resulted 
in the generation of chemical heterogeneous spots on the 
micro scale. Observed phenomenon might indicate that 
the liquid metal thermal characteristics were different than 
those obtained from the simple phase diagram. In turn, a 
change in nucleation temperatures for certain metallurgical 
reactions might affect the alloy’s microstructure and 
consequently its service characteristics.8,33 The detailed 
contribution and its overall effect have to be further 
validated and determined. Thermal analysis experiments 
under different cooling rates performed for steels with 
various carbon levels showed a similar trend for the 
liquidus temperature increase. The scientific explanation 
of this phenomenon was not presented.35 

It was found that the test sample heated to 735oC 
(1355oF) had the coarsest primary Si crystals that were 
heterogeneously distributed within the metal matrix. The 
ED of primary Si crystals was reduced and homogeneity 
improved when the melt was heated to 785oC (1445oF) and 
850oC (1562oF). This most likely indicated that the melt 
had a heterogeneous distribution of Si clusters having a 
short range atomic order. Most of these heterogeneities 
acted as solidification sites and facilitated the primary Si 
nucleation.36 They existed in the liquid despite the fact 
that liquidus temperature was exceeded by approximately 
33oC (91.4oF). Analysis of the binary Al-P diagram 
provided additional explanation indicating that higher 
melt temperature increased the amount of phosphorus 
dissolved in the melt leading to more Al-P nucleation 
sites. Consequently, the primary Si crystals grew around 
the Al-P

 
nuclei at the rate controlled by the diffusion of 

the Si atoms in the liquid melt. It was observed that the 
as-cast microstructure homogeneity was considerably 
improved by increasing the melt temperature from 735oC 
(1355oF) to 785oC (1445oF) and to 850oC (1562oF). It is 
worth noting that melt heating to 850oC (1562oF) resulted 
in coarser primary Si crystals than the melt heated to 785oC 

(1445oF) however, this difference was not statistically 
significant. However, for some metallurgical applications 
even such a small difference of primary Si size could be 
beneficial. Therefore, this data indicated that the melt 
temperature near 785oC (1445oF) for the low cooling rates 
and the level of phosphorus addition utilized in these 
experiments could be optimal. Similar observations were 
reported by Telang37 for the Al-21%Si alloy modified with 
0.2% phosphorus. It was found that melt heating above 
approximately 900oC (1652oF) resulted in coarsening of 
the primary Si for the test sample solidified inside the 
water cooled steel crucible. It was suggested that the Al-P 
particles started to disintegrate or even melt above 900oC 
(1652oF) and caused a coarsening effect of primary Si 
crystals. Most likely a higher melt temperature was more 
efficient in minimizing the effect of the preferred atomic 
Si arrangement and the liquid melt was capable of losing 
some of the heterogeneities. Conclusions from the current 
studies have practical applications indicating that for the 
targeted level of phosphorus addition, i.e. 100ppm, the 
size of the primary Si crystals was a function of the melt 
temperature for a given cooling rate. It has to be stressed 
out that potency for Si crystal chemical refinement could 
vary due to the differences in the amount of phosphorus 
dissolved in the melt at the specific temperature. To gain 
the full benefits of thermal refinement the melt temperature 
has to be properly optimized and controlled.

In-situ temperature measurements carried out by the 
authors during the HPDC industrial trials indicated 
that the Al-20%Si melt at 785oC (1455oF) poured into 
the dossing hole had a temperature in the range 730oC 
(1346oF) to 680oC (1256oF) (centre vs. wall location). 
Such low melt temperature caused pre-mature nucleation 
of the primary Si crystals before entering the die cavity. 
Consequently, this reduced the effectiveness of primary 
Si refinement and overall casting homogeneity.6 Complex 
melt temperature profile, as observable during the LPPM 
or HPDC processing, was difficult to replicate during 
the laboratory experiments. The controlled solidification 
experiments, as presented in this publication, were crucial 
to understanding the behaviour of the hypereutectic alloy 
under various casting processing parameters. Results 
from these studies were implemented to optimize the 
permanent mold casting process.

Image analysis data indicated that for the slow cooling 
rate, the SDAS was not affected by the melt temperature 
(from 735oC/1355oF to 850oC/1562oF). The average SDAS 
was 33.7±1.5µm for a 1.3oC/s and 22.5±0.9µm for a 
4.5oC/s cooling rates (Figure 5). Please note the very small 
SDAS standard deviation. These experiments confirmed 
that the high cooling rates reduced the time necessary 
for coarsening of the a-aluminum dendrites. This 
phenomenon resulted in multiplication of the secondary 
dendrite arms that distributed the solute content in front 
of the solidifying interface. It was also observed that the 
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pockets of a-aluminum dendrites were less distinguishable 
from the non-dendritic metal matrix for a low cooling rate 
as compared with the test samples that solidified under a 
high cooling rate.38 

Rapid solidification experiments in the copper mold were 
carried out to validate the experiments performed using 
a relatively slow cooling rate and to evaluate the alloy’s 
response to the thermal conditions that are equivalent 
to the permanent mold casting. The results from these 
experiments confirmed previous findings obtained for 1.3 
and 4.5oC/s cooling rates. It was observed that the size 
of the primary Si crystals in the test samples solidified 
inside the copper mold was reduced by approximately 
40% (from 24.1±7.1 to 14.3±2.9mm) as a result of 
intensified thermal refinement when the melt temperature 
was increased from 735oC (1355oF) to 850oC (1562oF) 
(Figures 4 and 8). Rapid cooling (in comparison with 
Figures 3 and 7) resulted in a higher number of nucleation 
sites for the primary Si crystals and restricted their growth 
by reducing the time necessary for the diffusion process. 
Consequently, the size of the primary Si crystals was 
reduced with a significant increase in the cooling rate.6,7,38 
It was also observed that higher cooling rates minimized 
the variation of primary Si crystal size that was expressed 
by the smaller standard deviation.

Experimental results indicated that the melt heated to 
850oC (1562oF), homogenized and slowly cooled in 
the holding crucible from 850oC (1562oF) to 730oC 
(1346oF) prior to casting into the copper mold exhibited 
relatively coarse primary Si crystals and a fine Al-Si 
eutectic structure (Figure 9). This experiment resulted 
in the primary Si crystals ED being 27.2±8.2µm 
and the SDAS being 10.1±2.2µm. The effect of the 
melt’s high temperature was lost as far as the thermal 
refinement of the primary Si crystals was concerned 
despite the high solidification rate achieved in the 
copper mold. The overall primary Si refinement was 
almost identical to the melt heated to 735oC (1355oF) 
and cast under identical conditions (Figures 8a and 9). 
These results indicated that slow cooling of the melt 
in the holding crucible from 850oC (1562oF) to 730oC 
(1346oF) prior to the casting operation most likely 
resulted in the formation of a preferred arrangement of 
Si atoms in the liquid that in turn resulted in coarser 
primary Si crystals. Please note that in this experiment 
the pouring was done at approximately 45oC (113oF) 
above the liquidus temperature. A similar situation can 
be observed in permanent mold castings where the melt 
loses its temperature during prolonged transferring and 
pouring as well as flowing through the gating system 
before the filling of the mold cavity. Therefore, when 
the melt temperature and handling are not optimized, 
than the melt entering the die cavity is at a temperature 
too close to the liquidus. Consequently, the primary Si 
crystals are coarser and heterogeneously distributed. 

These experiments showed the importance of melt 
temperature control prior to entering the mold. The Al-
20%Si melt processing conditions were representative 
of the industrial environment (except 850oC/1562oF) 
and were chosen to underline the sensitivity of primary 
Si size to melt as well as pouring temperatures. Melt 
temperature of 850oC (1562oF) would not be acceptable 
in the production environment due to its negative effect 
on productivity and tool life. This would also result in 
excessive melt oxidation and elevated hydrogen levels. 
Typical casting temperatures for HPDC, LPPM and Sand 
Casting are between 680-700oC (1256-1292oF), 730-
780oC  (1346-1436oF) and 725-760oC (1337-1400oF) 
respectively. 

Figure 10 presents high resolution temperature vs. time 
(a) and first derivative vs. temperature (b) curves recorded 
at a 2000Hz acquisition rate during rapid solidification 
experiments with an average cooling rate of 15oC/s. The 
compressed helium gas at 10MPa pressure was used as 
a quenching medium. The first derivative cooling curve 
showed highly similar thermal events in comparison with 
the derivative curves obtained at an average cooling rates 
of 1.3oC/s (Figure 2b) and 4.5oC/s (Figure 6b).

The controlled solidification experiments allowed for 
the production of metallographic samples for image 
analysis and the related thermal characteristics for 
statistical analysis of their relationship. Comparative 
image analysis of the cast component with the laboratory 
generated structures allowed for the determination of the 
solidification characteristics of the component’s given 
section.6

Figure 9. Optical micrographs (100x) of the Al-20%Si 
phosphorus modified alloy heated to 850oC (1562F) and 
cast from 730oC (1346F) into the water cooled copper 
mold at a cooling rate of approximately 35oC/s. The ED 
of the primary Si was 27.2±8.2μm and the SDAS was 
10.1±2.2μm.
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Figure 10a. Temperature vs. time cooling curve recorded during the solidification 
cycle of the Al-20%Si phosphorus modified alloy heated to 785oC (1455oF) and 
solidified under forced helium gas at an average cooling rate of approximately 
15oC/s. Numbered arrows correspond to the metallurgical reactions recorded 
during the solidification process. Detailed values are presented in Table 2b.

Figure 10b. First derivative vs. temperature cooling curve recorded during the 
solidification cycle of the Al-20%Si phosphorus modified alloy heated to 785oC 
(1455oF) and solidified under forced helium gas at an average cooling rate of 
approximately 15oC/s.
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Conclusions

The conclusions pertaining to the effects of the melt 
temperature as well as the solidification rate on the structural 
and thermal characteristics of the Al-20%Si high pressure 
die casting alloy are as follows:

a) Higher melt temperatures (785°C/1445°F and 
850°C/1562°F) had a positive effect on the 
size and distribution of the primary Si crystals 
while excessive melt temperature might not be 
acceptable in the production environment. Melt 
heated to 735oC (1355oF) resulted in coarse 
and heterogeneous primary Si crystals. This 
phenomenon was observed for all analyzed cooling 
rates, i.e., 1.3, 4.5, 15 and 35oC/s. 

b) A significant increase in the cooling rate during 
the solidification process minimized the variation 
of the primary Si crystal size and heterogeneity 
caused by the melt temperature. 

c) Melt pouring close to the liquidus temperatures 
(i.e., 730oC/1346oF) resulted in coarse primary Si 
crystals despite the melt’s high initial temperature 
i.e., 850oC (1562oF).

d) The SDAS was not affected by the melt temperature 
and was a function of the cooling rate for all exper-
imental conditions. The SDAS decreased from ap-
proximately 32 to 22µm for a 1.3 and 4.5oC/s cool-
ing rate and was further reduced to approximately 
11µm for the copper mold experiments where the 
cooling rate was estimated as 35oC/s.

e) The likely reason for the primary Si crystal size 
dependence on the melt temperature could be the 
presence of heterogeneous clusters of short range Si 
atoms that existed above the liquidus temperature.

f) The melt heated to 735oC (1355oF), 785oC 
(1445oF), 850oC (1562oF) did not have an effect 
on the sequence of the metallurgical reactions 
during the alloy solidification process at an average 
cooling rate of 1.3, 4.5 and 15oC/s, except that the 
nucleation of the primary Si and the Al-Si eutectic 
was shifted toward higher values with an increase 
in the cooling rate. 

g) Cooling curves and their derivatives for average 
cooling rates of 1.3, 4.5 and 15oC/s had a 
satisfactory spatial resolution which in turn 
allowed for the determination of the thermal 
characteristics and the correlation with the test 
sample microstructures. This data represents a 
valuable input for the computer modeling of non-
equilibrium solidification conditions.
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Technical Review & Discussion

The Effect of the Melt Temperature and the 
Cooling Rate On the Microstructure of the Al-20% 
Si Alloy Used for Monolithic Engine Blocks
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Technology Laboratory, Ottawa, Ontario, Canada
J. Sokolowski, University of Windsor,  
Windsor, Ontario, Canada 
H. Yamagata and H. Kurita, Yamaha Motor Co. Ltd., 
Iwata, Shizuoka, Japan 

Reviewer: The ASM series on phase diagrams shows a 
constrained vapour phase diagram between Al and P showing 
the single congruently melting compound AlP. I draw the 
authors attention to the liquidus close to the aluminum side 
of this phase diagram. It comes down almost asymptotic to 
the Al axis i.e. the balance between the amount of P present 
in the melt as dissolved P and that present as AlP changes 
very rapidly as the temperature drops. Hold at higher 
temperatures before casting and the dissolved P content will 
be higher, with the likelihood of more and finer AlP particles 
precipitating out while the casting is actually solidifying. 
Hold at low temperatures and the opposite—much of the 
P maybe present as pre-existing larger AlP particles which 
have had time to form and grow while floating in the liquid 
before casting, perhaps even agglomerating and/or settling. 
This constitutes an alternative explanation for the tendency 
towards finer and better dispersed primary Si particles at 
higher melt temperatures. 

Commercially, it is well known that hypereutectics, and 
indeed any alloys being P treated, need to be alloyed at 
higher temperatures in order to achieve the best recovery 
to the alloy of P from the master alloys. Melts held too 
cold simply never get beyond a set low concentration of 
P, as read by OES, no matter how much master alloy is 
added - most likely as limited by the P solubility limit. 
Raising the metal temperature and stirring will frequently 
result in an increased P reading in stubborn melts like this 
even without further AlP addition.

The statement that the P addition was identical (100ppm) 
in all samples is unlikely to be correct for the reasons 
outlined above. Its form is as important as its mere 
presence. It cannot be safely assumed that the P nucleating 
potential was the same for all samples for the reasons 
elaborated above. It would enhance the paper greatly 
for the authors to include this solubility argument as a 
possible explanation for the improvement in primary Si 
structure with temperature.

Authors: The suggestion made by the reviewer to 
incorporate into the manuscript the P solubility argument 
based on the Al-P phase diagram is greatly appreciated. 
This provided additional explanation about primary Si 
refinement as a function of melt temperature predominantly 

during the melting cycle. Primary Si refinement 
phenomenon gets more complex when properly preheated 
melt (i.e., with sufficient AlP nucleation sites) is sequentially 
cooled down at various rates during the casting process. 
Consequently, the primary Si grows around the AlP nuclei 
at the various rates controlled by the diffusion of the Si 
atoms in the liquid melt. The industrially relevant example 
and encountered difficulties pertaining to LPPM or HPDC 
processing are mentioned in this publication and they 
were frequently observed by other practitioners. It would 
be scientifically relevant to quantify the effect of the melt 
temperature profile, as observed in the industrial casting 
practice, on the primary Si refinement using thermal 
analysis technique. The variety of primary Si morphologies 
observed in unmodified and modified hypereutectic Al-Si 
alloys (hexagonal, star-shaped, dendritic, etc.) have been 
reported in the literature but unfortunately corresponding 
cooling curve parameters are not available. Such data 
would be crucial to define casting process parameters 
that would yield desired microstructure and provide an 
input for casting process control as well as solidification 
modeling software. Such research activities are being 
currently addressed by the authors.

Reviewer: Table 1–0.01% P is a very loose analysis 
allowing for anything between 0.0095 and 0.0144 
according to ASTM roundoff rules. A spectrometer 
properly set up to read this line should be capable of at least 
one more decimal point. It would also help the arguments 
that follow in the paper if the samples which underwent 
tests could be sparked to see if there is variation in P 
recovery with pouring temperature. P is not that stable an 
element in Al melts for the reasons elaborated in previous 
review comments.

Authors: Table 1 showing Al-20%Si alloy chemical analysis 
was amended by adding the range of P concentrations 
based on OES analysis. The P pre-modified ingots were 
used for all experiments. Additionally, to verify the alloy 
chemical composition the OES analysis was done for 
one melt processing conditions prior to the experiments. 
Authors agree that it would be beneficial to analyze each 
test sample after completion of the experiments to check 
the variation in P recovery with pouring temperature.  This 
suggestion will be considered for future experiments. The 
100ppm represented rather the target P concentration than 
actual instrument reading. 

Reviewer: The statement that the P addition was identical 
(100ppm) is at odds with the chemistry reported in Table 
1 which does not list this many decimal points. Only one 
can be correct.

Authors: The final text has been amended for clarity: “...P 
addition was identical (100ppm) in all samples...”. The 
target value of the P in this study was 100ppm and was 
typically used during industrial practice.  
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