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The mechanical properties (HB, HV, R0.2, Rm) and plastic properties (A5, Z) of AlSi17Cu4 alloy when exposed to chosen 

technological processes, such as modification, overheating and rapid cooling, are presented in this paper. The best 

combination of properties was noticed in alloy overheated for 40 minutes at 920 oC and casted into a metallic mould 

submerged in liquid nitrogen. Moreover, the technological stability and homogeneity of alloys were evaluated based on 

spread of results, expressed by standard deviation. It was proven, based on microstructure analysis, that the best effect of 

refinement was achieved by intensive cooling of alloy preceded by its overheating. The XRD analysis indicated that the 

intermetallic phases, mainly θ(Al2Cu) and γ1(Al4Cu9) caused hardening of the solution, improvement in mechanical 

properties and technological stability.  
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1. INTRODUCTION 

The Al-Si alloys are under consideration for aerospace 

and land transport due to high strength-to-weight-to-cost 

ratio. However, coarse-grained microstructure in these 

alloys obtained by casting has negative effect on the 

mechanical properties and ability to machining. That is 

why the significant objective is to obtain fine 

microstructure. It can be achieved by modification of the 

chemical composition [1 – 4], application of 

electromagnetic field [5], overheating of liquid alloy far 

beyond liquidus temperature [6 – 9], and through rapid 

cooling [10 – 15]. It happens due to creation of 

significantly larger number of crystallisation nuclei and, as 

a result, improved homogeneity of alloy and decreased 

average grain sizes in material after heat treatment.  

The parameters which particularly determine the 

structure of alloys and, as the result, their final properties, 

are overheating temperature and cooling rate. The 

combination of these two technological treatments 

decreases the intensity of structural defects and, in a 

significant way, broadens the range of application 

possibilities in designing and exploitation of Al-Si-Me 

alloys fabricated by casting. Moreover, dynamic 

crystallisation enables precipitation hardening and, by 

melting, homogenisation and crystallisation of phases 

containing alloy additives. The size of Si-crystals 

precipitates which affect the migration of grain boundaries 

in the matrix, containing α(Al)+Si eutectics is significant 

to ensure high structural stability of the material. It can be 

observed not only at room temperature, but also at elevated 

temperature, which is particularly important in wear 
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environment of casted alloys, working often under tough 

conditions, like in land and air transport. 

Additional hardening of the Al-Si alloys can be 

achieved by various alloy elements additions [16 – 17]. The 

most extensively investigated is the effect of copper 

(responsible for Al2Cu) or magnesium which corresponds 

to Mg2Si formation. However, the effect of magnesium 

addition fades after heating up the material to 250 °C 

(working temperature of pistons), therefore copper as an 

additive has potentially broader practical application. The 

element does not only enhance the mechanical properties 

but also significantly improves machinability [18] due to 

grain refinement. This is of significant importance because 

of strict requirements concerning the condition of surface 

roughness and dimensional accuracy of cast pistons. 

In order to improve the durability of drive and 

breaking system modules which are mostly exposed to 

extensive use in transport it is necessary to modify the 

composition and conditions for the alloy preparation. The 

results discussed in this paper are focused on hypereutectic 

alloy Al-Si-Cu, which was exposed to overheating and 

rapid cooling, and is used in automotive and aviation 

industry to produce heavily loaded casts of internal 

combustion engines, blocks and bodies of cylinders in 

compressors, pumps, brakes and connectors [18]. 

The enhancement of mechanical and plastic properties 

was based on theory of α(Al)-solution hardening and 

occurrence of precipitates. It was achieved by overheating 

of liquid alloy much beyond liquidus temperature  

[19 – 21], holding at such temperature and then rapid 

cooling of melted alloy casted into a mould submerged in 

liquid nitrogen. Such technology caused the grain 

refinement in the microstructure and significantly 

improved investigated mechanical properties [22]. The 

proposed concept should additionally ensure improved 
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homogeneity of the material, repeatability of 

microstructure features, which means better material and 

technological stability. 

2. EXPERIMENTAL PROCEDURE 

2.1. AlSi17Cu4 alloy preparation  

A standard hypereutectic AlSi17Cu4 alloy, fabricated 

in laboratory under conditions similar to series A3XX.X 

type A390.0 described in ASTM (American Society for 

Testing and Materials) specification and ASME (American 

Society of Mechanical Engineers), was chosen for the 

investigations. The alloy was melted from bulk elemental 

materials: aluminium AR1 (99.96 % Al), technical silicon 

(98.95 % Si), and electrolytic copper (99.98 % Cu). Small 

portions of silicon were dosed to liquid aluminium melted 

in a SiC crucible (volume of 1500 cm3) and about 45 

minutes later copper was added into the bath. The 

AlSi17Cu4 alloy was melted under protective coating 

made of NaF + KCl (20 : 80 wt.% respectively), in 

inductive furnace Balzers VSG. In order to achieve optimal 

thermodynamic equilibrium, the temperature and holding 

time were optimised experimentally (about 800 °C for 

40 min). Before casting from temperature of about 780 °C 

the alloy was refining using 0.3 wt.% of commercial 

“Rafglin-3” (K2TiF6 + C2Cl6 + Na2SiF6) and 10 min later 

the slag was removed from the top surface of the alloy. 

Chemical composition of the investigated alloy after 

purification is presented in Table 1.  

Table 1. Chemical composition of AlSi17Cu4 alloy 

Alloy 
Chemical composition (wt.%) 

Si Cu Fe Mn Mg Ni Al 

AlSi17Cu4 16.49 3.85 0.21 0.01 0.02 0.01 Balance 

Several series of samples were prepared and then 

exposed to different processes: 

 chemical modification using casting alloy CuP10, 

(about 10wt.% of P), or 

 overheating of liquid alloy to the temperature of 

920 °C, homogenisation by holding at such 

temperature for 40 min. and casting into a 

conventional casting mould, or 

 overheating of alloy with further chemical 

modification using CuP, or 

 overheating of alloy, modification and casting into a 

permanent mould submerged in liquid nitrogen.  

The 3 samples of AlSi17Cu4 alloy with size of 

Ø 20 × 160 mm fabricated according to above-mentioned 

technology were prepared simultaneously, in one casting 

process. In order to achieve maximum cooling rate, the 

steel permanent mould was inserted into stainless steel 

mantle container using graphite sheet lagging. Such whole 

device was put into a ceramic container. The liquid 

nitrogen was poured into that container (Fig. 1 a) and after 

that the samples for static tensile test (Fig. 1 b) were casted 

into the steel permanent mould. The process was repeated 

in order to produce 18 samples for each technology, and 

then, based on EN 10002-1, casted samples were exposed 

to machining to fulfil the size requirements described in 

the engineering standard. 

 
a 

 
b 

Fig. 1. Samples preparation for static tensile test: a – casting 

mould cooled down by liquid nitrogen; 1 – steel 

permanent mould; 2 – mantle made of stainless steel plate; 

3 – graphite sheet lagging; 4 – liquid nitrogen; 5 – ceramic 

container; b – as-cast samples for mechanical tests  

2.2. Characterisation of alloys 

The tensile tests were conducted using Intron 3382 

with transmission ratio of 20 : 1 and constant tension speed 

of 5 mm/min. Static tension test at room temperature was 

performed in accordance to EN ISO 6892-1. Based on 

those results the tensile strength (Rm) was determined, 

together with conventional yield strength (R0.2), ultimate 

strength A5 and relative contraction (Z) for sample after 

rupture. The Brinell hardness measurements were 

conducted using hardness tester Zwick ZHF, under load of 

187.5 kg, using stainless steel ball Ø 2.5 mm for 35 s, in 

compliance with EN ISO 6506-1. The Vickers hardness 

was determined under load of 30 kg (294 N) for 15 s 

according to EN ISO 91/H-04355 engineering standard. 

The hardness was measured at room temperature on flat, 

polished surfaces where diameter of pores was not bigger 

than 2.5 μm. The test was repeated 8 times, each time the 

two extreme results were discarded and from the remaining 

ones arithmetic mean and standard deviation were 

calculated. The Vickers micro-hardness μHV100 was 

determined under load of 100 g for 15 s, using hardness 

tester Duramin A-300 by Struers. The arithmetic mean was 

calculated from 8 measurements for each structural phase 

(Si grains, matrix, and precipitates containing Cu), each 

time discarding two extreme results.  

The mechanical properties evaluated for investigated 

materials were discussed in respect to microstructure, 

which was observed using both optical and scanning 

electron microscopy. Metallographic sections were 
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prepared by grinding with SiC papers and then final 

polishing with diamond paste finishing with grains of 1μm 

in size. The micro-sections were etched with 0.5% HFaq 

solution. 

The phase composition was investigated using X-ray 

diffractometer (JEOL JDX-7S) with copper anode.  

3. RESULTS 

3.1. Mechanical properties 

In order to ensure representative results, 18 samples 

(for each of considered technologies plus preliminary 

condition), were prepared by casting with further 

machining and then subjected to mechanical tests. The 

statistical calculations (mean value, variance, and standard 

deviation) were performed for 16 results, discarding the 

two extreme one. The spread of results expressed by 

standard deviation is shown on the graphs (Fig. 3 – Fig. 6) 

as an error bars. The Brinell hardness as well as Vickers 

hardness and microhardness, depending on applied 

technology, are presented in Fig. 2. and Table 2.  

 

Fig. 2. Brinell hardness (HB) (grey bars) and Vickers hardness 

(HV) (striped bars) for investigated materials obtained 

using different technologies 

Table 2. Vickers microhardness μHV100 for structural phases of 

tested alloy  

Type of 

technology 

Vickers hardness HV100, HV 

α(Al) 

matrix 

Α(Al)-

θ(Al2Cu) 

eutectics 

Si crystals 

Mean SD, % Mean SD, % Mean SD, % 

Primary condition 75 13 96 14 1011 7 

After modification 73 12 99 13 1026 6 

After overheating 78 10 94 11 1020 8 

After modification 

and overheating 
78 11 100 9 1018 6 

Mould in nitrogen 76 8 102 8 1014 9 

The most essential increase in hardness (both HB and 

HV) comparing to non-modified condition was observed 

for samples which underwent overheating to temperature 

of 920 °C, modification with CuP foundry alloy, and then 

rapid cooling. Such technology caused about 36 % 

improvement in HB and about 38 % for HV, comparing to 

initial conditions. High hardness was also achieved for 

alloys exposed to overheating (114 HB and 123 HV) and 

overheating with modification (118 HB and 129 HV), 

respectively. Moreover, small spread of results (SD in the 

range of 4 – 8 %) confirmed structural homogeneity of 

tested materials. It proved high metallurgical stability of 

the conducted technological processes. It is probably 

caused by overheating far beyond liquidus temperature Tliq. 

Since random inclusions were melted, uncontrolled 

heterogeneous nucleation of silicon could be avoided. 

According to Vickers microhardness results (Table 2.), all 

phases coexisting in the material, even α(Al), exhibited 

enhanced hardness comparing to pure Al, for which 

hardness does not exceed 50 HV [23]. 

Hardness and micro-hardness measurements 

confirmed the effect of both solution and precipitation 

hardening. The α(Al)-Si eutectics exhibited hardness 

which was elevated comparing to matrix, while the hardest 

phase was Si, as could be expected. No micro-hardness 

measurements were conducted for multi-component 

eutectics which contained θ(Al2Cu) and γ1(Al4Cu9), 

because too small precipitates were observed. The 

significantly reduced load during investigations would 

need to be applied which would certainly affect the results. 

The copper-based intermetallics should also reveal 

hardness higher than for pure aluminium. However, their 

influence on hardness in those alloys is insignificant due to 

low volume fraction of those precipitates which is caused 

by small copper content in investigated alloys. 

In respect to applied technological processes, the 

materials after chemical modification, overheated and then 

rapidly cooled down have shown the best effects of 

precipitation hardening. Those materials were 

characterised by the highest hardness of both matrices and 

eutectics. Such effect was not confirmed in case of micro-

hardness of silicon crystallites which is caused by smaller 

sizes of those crystallites and at the same time stronger 

effect of soft matrix. Slightly lower micro-hardness values 

measured for silicon crystals compared to hardness of 

those crystals in samples prepared using other technologies 

confirm reduction in the grain size for silicon crystallites. 

At the same time, it should be expected that the average 

sizes of crystallites of other phases present in the material 

will be also reduced.  

The results of tensile strength (Rm) have shown that 

application of melting technology with overheating caused 

significant increase in mechanical strength. For samples 

which underwent intensive cooling Rm equals 311 MPa 

(48 % increase) and 297 MPa (42 % increase) for samples 

after overheating and chemical modification in comparison 

to initial condition (Fig. 3). 

Insignificantly lower value of Rm (276 MPa) was 

noticed in samples overheated to 920 °C, but without 

modifications. However, overheating process improved the 

homogeneity of the material, and as a result decreased the 

spread of results of tensile strength (SD = 4 %).  

Increase in hardness and tensile strength, particularly 

for samples which underwent fast crystallisation, can also 

be explained by significant amount of frozen crystals in 

castings. Those are equiaxial crystals with random 

orientation of arrangement, which provide macroscopic 

isotropy and relatively good homogeneity. Ingots with 

such structure have therefore better mechanical properties 

and are more beneficial materials in further processing. 

Due to fine microstructure better fracture toughness is also 
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expected. The mechanical properties were also 

characterised based on conventional yield strength (R0.2), 

while plastic properties of tested materials were discussed 

based on ultimate strength A5 as well as relative contraction 

of sample after rupture (Z).  

 
Fig. 3. Tensile strength Rm depending on applied technology  

 

Fig. 4. Conventional yield strength R0.2 depending on applied 

technology 

Both modifications of composition and overheating 

caused the increase in conventional yield strength R0.2 by 

almost 12 – 15 % when compared to initial material 

(Fig. 4). 

The combination of those two technological processes 

with rapid cooling in mould cooled down with liquid 

nitrogen enhanced the effect and the increase of 12 % in 

R0.2 was achieved, comparing to initial material. This 

improvement of Young’s modulus also confirms high 

efficiency of applied processes. However, similarly to 

tensile strength, the smallest spread of tested properties 

was observed for samples after overheating, which may 

prove that overheating process causes homogenisation of 

structure in liquid phase and at the same time significantly 

influences technological stability. Similar tendency was 

observed for results of ultimate strength and contraction 

after rupture (Fig. 5, Fig. 6). 

Experimental values of A5 have shown that each of 

applied technological treatments caused increase of 

ultimate strength after rupture by at least 67% which 

should be the effect of better homogeneity of the material 

when compared to initial alloy. This fact can also be 

confirmed by decreased spread of results. At the same time 

the lowest ultimate strength and the most visible 

contraction resulted by rupture (Fig. 5 and Fig. 6) for 

materials prepared using those three technological 

processes had proven the increase in elastic properties 

(Young’s modulus E, shear modulus G). 

 

Fig. 5. Ultimate strength A5 depending on applied technology  

 
Fig. 6. Relative contraction Z for alloys obtained by different 

technologies 

It is confirmed by the fact of precipitation hardening 

and enhanced effect of grain boundaries, according to Hall-

Petch theory.  

3.2. Structural investigations 

In order to identify the relationship of achieved 

hardening effects with structure and phase composition an 

analysis of microstructure was conducted together with 

phase analysis using XRD. The best improvement in 

mechanical properties was achieved for AlSi17Cu4 alloy 

after overheating and intensive cooling, indeed such 

sample was the object of further investigation.  

A significant refinement of primary crystals caused by 

modification with CuP master alloy was observed, 

comparing to the microstructure of initial alloy (Fig. 7).  

Effect of phosphorus was additionally enhanced by 

intensive cooling which resulted in refinement of primary 

crystals of silicon. Initially, silicon formed local irregular 

elongated clusters in matrix, sometimes even a few 

millimetres in size, while after chemical modification and 

rapid cooling silicon crystalized as a small and quite 

regular polygonal grains regularly dispersed in matrix. 

That grain refinement should improve machinability of 

those materials. For the samples, which were exposed to 

melting with overheating and intensive cooling (the best 

improvement in mechanical properties), the phase 

composition was analysed (Fig. 8). 
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a                                                    b  

 
c 

Fig. 7. OM image of AlSi17Cu4 alloy: a – initial alloy; b,  

c – overheated and subjected to fast crystallisation, 

different magnification 

 

Fig. 8. The XRD pattern of AlSi17Cu4 alloy after chemical 

modification, overheating and rapid cooling 

According to XRD pattern, predominant phases in the 

material were α(Al) and Si. Moreover, the peaks coming 

from θ(Al2Cu) and γ1(Al4Cu9) intermetallics were 

identified. Those results correspond to α(Al)-θ(Al2Cu)-Si 

ternary eutectics indicate that Al crystalizes from the melt 

as an α-solution, containing some Cu. However, besides 

θ(Al2Cu) phase which is component of α(Al)-θ(Al2Cu)-(Si) 

ternary eutectic; there is also a non-equilibrium γ1(Al4Cu9). 

Based on several phase equilibrium diagrams [24 – 26], 

such γ1 phase should be expected for much higher 

concentration of Cu in the alloy. The θ(Al2Cu) crystallises 

at 524 – 548 °C [25, 26], indeed γ1(Al4Cu9) probably 

crystallises as a second phase after silicon above 873 °C 

[25, 26], due to rapid cooling because such phase was 

detected only in samples overheated and rapidly cooled 

down. The existence of this phase may be the reason of 

additional improvement in mechanical properties  

(Fig. 2 – Fig. 4). Other reason of increased mechanical 

properties may be the reduction of grain sizes which is 

caused by rapid cooling. Microanalysis of identified 

structural elements in area of identified “copper” eutectics 

is presented in Fig. 9. The α(Al)-θ(Al2Cu)-Si eutectics 

identified in the microstructure was confirmed by EDS 

analysis. However, the chemical composition of copper-

based precipitates (~39.1 at.% Cu and ~69.3 at.% Al) 

indicates two phases containing Cu: θ(Al2Cu) and 

γ1(Al4Cu9), and Al. Such phases are consistent with phase 

composition determined by XRD. 

  

 

  

Fig. 9. SEM microstructures and EDS microanalysis of 

AlSi17Cu4 alloy after overheating and rapid cooling  

Considering the deviations from equilibrium 

conditions during cooling and crystallisation it can be 

assumed that the phase composition meets the expectations 

[24 – 26]. Significant differences in crystallite sizes for 

each phase certainly result from different melting points. 

The γ1(Al2Cu) precipitates, which undergo crystallisation 

as last due to the lowest melting point, are very small and 

they are probably crystallising on Al4Cu9 phases which are 

much bigger in size. Explicit statement concerning the 

mechanism of formation of such phases requires thorough 

thermodynamic investigations on this system, i.e. ATD, 

DTA or DSC. 

4. DISCUSSION 

The paper presents characteristics of AlSi17Cu4 alloy 

modified using different technological processes. 

Improvement of mechanical properties proved in the paper, 

could be of significant importance mainly in machine, 

aerospace, automotive and aviation industries. The 

optimisation of phase composition and microstructure was 

supposed to be provided by specially designed method of 

casting into metal mould submerged in liquid nitrogen. 

Due to such dynamic heat removal the refined 

microstructure with significantly improved homogeneity 

and mechanical properties could be obtained, comparing to 

conventional casting methods. The investigated alloy was 

exposed to four different technological processes and each 

time the improvement of mechanical properties was 

Al2Cu Al 

Al2Cu+

Al4Cu9 
Si 
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observed at room temperature comparing to reference non-

modified alloy.  

It was confirmed that the chosen technological 

processes (modification with CuP master alloy; 

overheating to temperature of 920 °C; overheating with 

chemical modification; and complex process of 

modification combined with overheating and rapid 

cooling) significantly enhanced the mechanical properties. 

The results were confirmed by hardness measurements and 

static tension test. It was also proved that the technological 

stability has improved as indicated by increased 

repeatability of experimental results, mainly for casting 

which underwent overheating. Microstructure observations 

confirmed that a material with refined microstructure was 

achieved. It can be expected that the yield strength will 

increase with decreasing grain size, in accordance with 

Hall-Petch theory [27]. Besides, applied technological 

processes also improved homogeneity of primary 

precipitates of silicon in aluminium matrix, which can 

further explain the small spread of obtained results of 

mechanical properties. Application of significant 

overheating can be justified by the change of structure of 

liquid phase which is responsible for nucleation, growth 

and formulation of primary silicon in hypereutectic Al-Si 

alloys. According to several papers published in the last 

decade [7, 9, 11, 28, 29] after applying of more significant 

overheating, crystals of primary silicon were significantly 

reduced and their shape was much closer to regular 

polyhedrons.  

Increase of tested mechanical properties, mainly 

hardness and tensile strength may have been caused by 

increased content of copper which causes consolidation of 

α solution, and crystallises as the intermetallic phases, 

mainly θ(Al2Cu) and γ1(Al4Cu9) – (Fig. 8). According to 

SEM microstructure (Fig. 10) such precipitates crystallised 

as an complex eutectics: α(Al)- θ(Cu2Al)-γ(Cu9Al4), which 

initiates the crystallisation of dendritic precipitates on grain 

boundaries of aluminium solution. 

 
a 

 
b 

Fig. 10. The Cu-rich dendritic structure observed in α(Al)-

θ(Cu2Al) -γ1(Al4Cu9)eutectics: a – low magnification;  

b – high magnification SEI 

However, that tested alloy was not influenced by heat 

treatment (solution heat treatment and ageing) and that is 

why appearance of γ1(Al4Cu9) phase proves the deviation 

from thermodynamic equilibrium during cooling and 

crystallisation.  

5. CONCLUSIONS 

The results of optimisation carried out with AlSi17Cu4 

alloy described in the paper revealed that:  

1. Modification of AlSi17Cu4 alloy with copper using 

applied technological treatments proved to be effective 

in improvement of mechanical strength and 

microstructure modification of alloys from Al-Si-Cu 

system. The technological stability was also 

successfully improved which was confirmed by good 

repeatability of achieved results and more 

homogenous microstructure.  

2. Improvement in mechanical properties, particularly 

hardness and tensile strength could be explained as the 

effect of increased copper content which strengthened 

α(Al) solution, which resulted in crystallization of 

intermetallic phases, for instance θ(Al2Cu) and 

γ1(Al4Cu9).  

3. The most significant improvement in hardness and 

tensile strength comparing to non-modified condition 

was observed for samples exposed to overheating to 

temperature of 920 °C, modified with CuP foundry 

alloy and rapidly cooled down in the mould 

submerged in liquid nitrogen.  

4. Application of modification processes, overheating 

and intensive heat removal allowed achievement of 

grain refinement in the microstructure of tested alloy. 

Homogenization of alloy in liquid phase ensured by 

overheating caused creation of countless dispersed 

precipitates of primary silicon. That resulted in small 

spread of Si crystallite size in the final microstructure 

and at the same time it has improved technological 

stability.  

5. It is expected that due to such modified microstructure 

the machinability of alloys will also improve. 
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