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Abstract. The effect of solution treatment on mechanical properties (UTS, 

elongation, Brinell hardness) and microstructure (Si-morphology and Si-size) of an 

aluminium alloy (A356) used for casting cylinder heads was studied. The tests were 

carried out with specimens machined from the bulkheads of V8 engine blocks cast by 

the low pressure process. The samples were tested in as-cast and T6 heat treating 

conditions (solution heat treatment at 530°C with different time - 2, 3, 4, 5, 6, 7 hours, 

quenching in water at 20°C and precipitation hardened for 4 hour at 160°C). The 

results show that used heat treatment improves mechanical properties of the cylinder 

head casts. Tensile strength and hardness of specimens increase with solution 

treatment time. The hardness is a reflection of solution strengthening and silicon 

particle distribution in matrix. Solution temperature 530°C and 5 hours solution time 

is appropriate to obtain better morphology and distribution of Si particles in 

microstructure. Prolonged solution treatment (more than 5 hours) leads to a 

coarsening of the Si particles, while the numerical Si density decreases. As the 

particle density decreases, a fewer number of sites are available for crack nucleation, 

and hence, the fracture properties are improved. The data obtained from this study 

will be used to improve process control, and to help the selection of heat treatment of 

the casting for future products. 
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1 Introduction  

The cylinder head is an integral component of internal combustion engines. It conveys air 

and gasoline to the combustion chamber and serves as a cover for the cylinders. The main 

function of the cylinder head is to help the head gasket seal the cylinders properly so that 

they are able to build enough compression for engine operation. In the vast majority of four 

stroke engines, the cylinder head mounts the entire valve gear and provides the basic 

framework for housing the gas-exchange valves as well as the spark plugs and injectors. It 

also supports the different parts of cooling system [1]. 

The cylinder head must be strong and rigid to distribute the gas forces acting on the 

head as uniformly as possible through the engine block. The combustion gas, the coolant 

and the lubricating oil flow independently in the cylinder head and follow complex three 
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dimensional routes. Thus cylinder heads are generally produced by gravity or low-pressure 

die casting. In Europe, grey cast iron cylinder heads have been almost completely replaced 

by cast aluminium alloys during the past 20 years. Aluminium has the advantages of light 

weight, high thermal conductivity, and ease of production to close tolerances. Depending 

on the engine type, the introduction of an aluminium cylinder block results in a weight 

reduction of 10 to 20 kg (i.e. at least 50 %) [1-2]. An important fact is that weight reduction 

has a ripple effect on fuel efficiency. For example, weight reduction enables the 

manufacture to develop the same vehicle performance with a smaller engine, and such a 

smaller engine enables the use of a smaller transmission and a smaller fuel tank. With this 

ripple effect, it is estimated that 10 % of vehicle weight reduction results in 8-10 % of fuel 

economy improvement [3]. 

Aluminium cast alloys used in the production of such complex cast parts as engine 

blocks or cylinder heads must meet a combination of requirements which include low cost, 

excellent castability, low hot tearing tendency, good machinability, moderate strength at 

elevated temperatures and resistance to fatigue, i.e. high fatigue strength at elevated 

temperatures. As a result of the permanent increase of combustion pressures and 

temperatures, the potential of the common aluminium cylinder head alloys is almost fully 

exploited. In order to satisfy all the product requirements, optimised casting alloys and a 

proper control of the as-cast microstructure by the application of sophisticated casting 

processes are generally necessary. The applied aluminium alloys have to offer sufficient 

strength and hardness at room temperature for machining and assembly. Furthermore, high 

strength at elevated temperatures (up to 250°C) is crucial to ensure that the engine block-

cylinder head assembly can withstand the combustion forces and the forces resulting from 

thermal expansion and contraction during service cycles without losing tightness of the 

cylinder head gasket. Creep strength is required in particular for the head gasket area 

[1, 4, 5]. 

To improve strength and creep properties, generally, alloying elements such as Mg and 

Cu are added [6]. On the other hand all alloying elements which dissolve in the α-matrix or 

which will reduce the amount of α-dendrites will decrease the heat conductivity. Ductility 

can be increased by low iron contents which on the other hand increases the price for the 

alloy. Further contribution to higher ductility will be given by modification of the AlSi-

eutectic by means of Na or Sr [7]. Unfortunately, the addition of the modifier elements is 

often associated with increased porosity, possibly through altered feeding efficiency or 

increased risk to gas pick-up of the aluminium melt [8-9]. 

The best combinations of strength and ductility are offered by casting alloys with low 

iron content such as AlSi7Mg0.3 (A356). Therefore, in the past, most cylinder heads were 

made from primary aluminium alloys. But also alloys which can be produced using 

recycled aluminium (i.e. with a slightly increased impurity content) still provide sufficient 

ductility [1]. The mechanical properties of an Al-Si cast alloy for engine blocks and 

cylinder heads are mainly determined by its cast structure and the microstructural 

characteristics such as the grain size, dendrite arm spacing (DAS) [10], the size, shape and 

distribution of the eutectic silicon particles [6, 11-12], as well as the morphologies and 

amounts of intermetallic phases present [13]. 

Cylinder heads are usually applied in the T6 condition. Heat treatment influences the 

resultant mechanical properties [14-24]. The T6 heat treatment comprises three stages 

[19, 20]:  

• Solution heat-treating at relatively high temperature is required to activate diffusion 

mechanisms, first, to dissolve Mg-rich phases formed during solidification and, then, to 

homogenize the alloying elements, such as Mg and Si, so as to achieve an elevated yield 

stress subsequent ageing [19]. Further, the solution heat treatment changes the 



morphology of eutectic Si from polyhedral or fibrous morphology in the modified 

alloys, to globular structure [11-12, 15-17].  

• Quenching is usually carried out to room temperature to obtain a supersaturated solid 

solution of solute atoms and vacancies, in order to achieve an elevated strengthening 

subsequent ageing [19]. The most rapid quench rate gives the best mechanical 

properties, but it can also cause unacceptable amounts of distortion or cracking in 

components. Thus, parts of complex shape, often with both thin and thick sections, are 

commonly quenched in a medium that provides a slower cooling. This hardening 

medium can be hot water, an aqueous solution of polyalkylated glycol, or other fluid 

medium such as forced air or mist [20, 22].  

• Artificial ageing consists of further heating the casting at relatively low temperatures 

(120-210°C) and it is during this stage that the precipitation of dissolved elements 

occurs [25]. These precipitates are responsible for the strengthening of the material. In 

AlSiMg cast alloys, the decomposition of the supersaturated solution begins with the 

clustering of Si atoms. This clustering leads to the formation of coherent spherical GP 

zones, consisting of an enrichment of Mg and Si atoms that elongate along the cube 

matrix direction to develop into a needle shape coherent β″ phase. With prolonged 

ageing, the needle shaped GP zones grow to form rods of an intermediate phase, β′, 

which is semicoherent with the matrix. The final stable β-Mg2Si phase forms as an 

incoherent platelets on the α-Al matrix and has ordered face centered - cubic structure 

[19]. 

The present study is part of a larger research project which was conducted to evaluate 

the heat treatment of an AlSi7Mg0.3 cast alloy used in the manufacture of engine blocks 

and cylinder heads. The study was conducted on as-cast and heat treated samples that were 

cut from the bulkheads of cylinder heads. The experiments were carried out in cooperation 

with the practice. The manufacturer required selection of optimal solution heat treatment, 

respectively shorter dissolution annealing times. 

2 Material and experimental procedure 

For the experimental work were used cylinder head castings OM 661 for Daewoo (Fig. 1) 

that were produced from the most popular AlSi7Mg0.3 (A356) alloy. Melt was grain 

refined with Tiboral 6 masteralloy. Modification was achieved with AlSr 90/10 

masteralloy. The chemical composition (in wt. %) of the melt prepared is shown in Table 1. 

Addition of Sr and Na can cause a transition of the eutectic silicon phase from coarse 

acicular flakes and plates (needles), which often act as crack initiators, to fine fibber’s there 

consequently, improve the mechanical properties, especially the ductility.  

Table 1. Chemical compositions of experimental material used in the present study (in wt. %) 

Si Mg Ti Fe Mn Cr 

6.96 0.356 0.125 0.108 0.007 0.0005 

Ni Zn Sr Ca Na Al 

0.0036 0.004 0.0343 0.0017 0.0005 rest. 

 

Experimental samples (Fig. 2) for microstructure observation and mechanical properties 

were cut from commercial automobile cylinder head castings (supplied from the 

manufacturer). The castings were in the as-cast and heat treated conditions. Standard heat 

treatment used for this type of experimental cylinder head in the foundry is solution heat 

treatment for 7 hours at 530°C, quenching in water at 20°C and precipitation hardening for 



4 hour at 160°C. The manufacturer required selection of optimal solution heat treatment, 

respectively shorter solution heat treatment times to achieve the required strength, hardness 

and ductility values. 

Experimental castings (cylinder heads) were solution treated by different solution time 

(2, 3, 4, 5, 6 and 7 hours) at 530°C ± 5°C, quenched in water at 20°C ± 2°C and 

precipitation hardened  for 4 hour at 160 °C ± 5°C. The as-cast state specimens represent 

the 0-hour aging time condition. Heat treatment was carried out by the manufacturer. 

 

 

Fig. 1. The experimental cylinder head casting 

 

 

Fig. 2. Part of casting and sample for tensile test 

 

Tensile test were carried out on a tensile machine ZDM 30 at room temperature following 

the STN EN ISO 6892-1 in as-cast state and after heat treatment; these specimens were of 

14 mm in diameter by 120 mm in gauge length (Fig. 2). Values of ultimate tensile strength 

in dependence on heat treatment were determined by the average value of three test bars. 

Hardness measurement was performed by a Brinell hardness tester with the load of 250 kp, 

5 mm diameter ball and the dwell time of 30 s according to standard STN EN ISO 6506-1. 

The Brinell hardness value at each state was obtained by the average of at least six 

measurements. 

Metallographic samples were sectioned from the tensile test bars (after testing) and 

standard prepared for metallographic observations. A conventional grinding and polishing 

process, consisting of wet grinding on increasingly finer 500 and 1200 grade round SiC 

grinding papers (Struers TegraPol-15). The samples were then polished with 3 μm diamond 



pastes followed by Struers Op-S. Subsequently, etching sample preparation was carried out 

in these steps: a) for observation in optical microscope: standardly etched by 0.5 % HF. 

Thereafter the specimens were washed under running water, then ethanol, and dried; b) for 

observation in scanning electron microscope (SEM): standardly etched by 0.5 % HF or 

deep etched for 30 s in HCl solution (36 ml HCl, 100 ml distilled water) in order to reveal 

the three-dimensional morphology of the phases (eutectic silicon or intermetallic phases). 

Details of sample preparation are given in [6, 18].  

The microstructures were immediately studied using an optical (Neophot 32) or 

scanning electron microscope VEGA LMU II. Chemical composition of phases were 

analysed by the energy dispersive X-ray spectroscopy (EDX analyser Brucker Quantax).  

Mapping of some specific areas of the polished sample surfaces was also carried out to 

show the distribution of alloying elements in the phases. The silicon particle characteristics 

(average Si particle area (µm
2
)) were measured using a NIS Elements 4.0 image analyser. 

3 Results and discussion 

3.1 Microstructural evaluation 

This type of alloy is characterized by dendrite structure (Fig. 3a) with a homogeneous 

distribution of eutectic silicon. The as-cast microstructure of AlSi7Mg0.3 consists of α-

phase (Al-matrix), eutectic (mixture of eutectic silicon and α-matrix) and various types of 

Fe- and Mg- rich intermetallic phases (Fig. 3b).  

 

  

  

Fig. 3. Microstructure of cylinder head: a) as-cast state; b) phases (1-matrix; 2-eutectic; 

3-needless Al5FeSi; 4-compact skeleton-like Al15(FeMn)3Si2; 4-Mg2Si);  

c) morphology of eutectic Si (SEM); d) detail of eutectic Si-morphology (SEM)  

 

By the addition of appropriate elements such as strontium in the liquid metal, it is possible 

to modify silicon morphological structure from lamellar to globular during the 
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solidification. This modification treatment improves the mechanical properties of the Al-Si 

alloy by reducing the notching effect of needle shaped natural eutectic silicon [6, 9, 18]. 

The silicon appears as fibbers with a round cross-section (Fig. 3c). Fibbers grow as clusters 

from a single nucleating site. The 3-D form bars corresponds with metallographic sections, 

i.e. bunchy in the middle of the arrangement prevailing fine round bars and outwards, 

increased incidence of so called plate-like type with hexagonal shape (Fig. 3d). 

 

  

  

  

Fig. 4. Effect of solution treatment on microstructure of AlSi7Mg0.3 cast alloy,  

a) 2 hours; b) 3 hours; c) 4 hours; d) 5 hours; e) 6 hours; f) 7 hours, etch. 0.5 % HF 

The effects of solution treatment time on microstructure and eutectic silicon 

morphology are shown in Fig. 4 and Fig. 5. Solution treatment causes a substantial degree 

of spheroidization and coarsening in modified eutectic phases. During the first 2 hours of 

solution treatment (Fig. 4a; Fig. 5a) Si particles gradually fragmented and rapidly 

spheroidized. Spheroidization process of the silicon through heat treatment takes place in 

two stages: fragmentation or dissolution of the eutectic fibbers/branches and 

spheroidization of the separated branches. The rate of spheroidization depends on the size 

of the fragmented segments.  

Prolonged solution treatment leads to a significant coarsening of the Si particles  

(Fig. 4b-f, Fig. 5b-f). The former has the greatest effect on the time required to complete 
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spheroidization and is strongly affected by the morphology of the Si particles. In Fig. 4e, 

Fig. 4f, Fig. 5e and Fig. 5f we can see that prolonged solution treatment time (more than  

4 hours) leads to a coarsening of the Si particles, while the numerical Si density decreases. 

The spacing between the particles increased evidently too. It has been proved that structure 

containing large and elongated particles but small dislocation slip distances (within the 

dendrite cells) exhibited a high particle cracking rate and thus a low ductility [26]. 

Therefore, especially for unmodified A356 alloy, structure refinement by means of solution 

treatment for enough time is very important in improving the ductility. 

 

  

  

  

Fig. 5. Effect of solution treatment on morphology of eutectic Si (SEM),  

a) 2 hours; b) 3 hours; c) 4 hours; d) 5 hours; e) 6 hours; f) 7 hours, deep etch. HCl 

 

Fig. 6 shows the change in the average diameter of the silicon particles reflecting the 

particle round as a function of solution time at 530°C. Due to the presence of modifier as Sr 

and Na, the particles in the modified material are already fine and rounded. The average 

diameter of silicon particles increased rapidly within the first 2 hours at the solution 

temperature (from 2.14 µm
2 

in as cast state to 3.9 µm
2
 after 2 hours). Then they increased 

slowly with further increase in solution time (3.95 µm
2
 after 3 hours; 4.18 µm

2
 after 4 
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hours). After a prolonged solution treatment of 5 hours at 530°C, the average diameter of 

the silicon particles increased to 5.27 µm
2
. These results are in agreement with [27-28]. 

 

 

Fig. 6. Effect of solution treatment on Si-particle size  

Fe-rich intermetallic phases and Mg2Si particles are also observed in the microstructure 

(Fig. 1b). Fe-rich phases are just like eutectic Si completely brittle [6, 13]. It is suggests that 

the Fe-intermetallic phases may act as stress raisers and crack initiation sites that reduce the 

strength and ductility. By reason that experimental alloy contains less than 0.108 % of Fe 

and 0.007 Mn, compact skeleton-like Al15(FeMn)3Si2 phase and very short and little Al5FeSi 

needles were present. During heat treatment compact Fe-phase dissolved and fragmented to 

smaller skeleton particles. Long platelets Al5FeSi phases were shortening and narrowing 

into small needles phases. These results are in satisfactory agreement with [11, 29]. 

3.2 Mechanical properties 

Alloys of the A356 type (AlSi7Mg0.3) are usually heat treated in order to develop higher 

mechanical properties. Heat treatment of Al-Si-Mg alloy causes precipitation hardening, 

spheroidization of silicon particles, increased bonding between the hard second phase 

silicon particles and aluminium. Magnesium’s role is to strengthen and harden aluminium 

castings. Silicon combines with magnesium is about to form the hardening phase, Mg2Si 

that provides the strengthening of this alloy. According to the increase of the strength, the 

hardness is also improved. 

The effect of experimental heat treatment on mechanical properties of the AlSi7Mg0.3 

manufactured cylinder heads castings shows Fig. 7. Utility ultimate tensile strength (UTS) 

and hardness (HBS) of all heat treated specimens increase with solution treatment time at 

530°C. Elongation (ductility) with solution treatment time decreases. The trend of increase 

in UTS and decrease in elongation observed in this study is in good agreement with other 

researcher [12, 17, 21-22, 27-28, 30-31]. 

The required mechanical properties used in manufacture for a typical aluminium 

cylinder head castings OM 661 for Daewoo includes an ultimate tensile strength of 245 

MPa, Brinell hardness of 80 HBW and ductility of 6 %. These values meet more or less all 

experimental heat treated samples. 

Ultimate tensile strength in as-cast state was measured approx. 192 MPa (Fig. 7a). With 

a solution time of 2 and 3 hours at 530°C, the UTS were substantially higher (approx. 236 

and 250 MPa) than those obtained from the as-cast specimens, but they are still clearly 

lower than the values that could be achieved with a longer solution time. By increasing 

solution time from 2 to 4 hours, the UTS increased to 264 MPa. With further increase of the 

solution time up to 5 hours, the UTS increased to 268 MPa. With a prolonged solution 



treatment time of 6 or 7 hours at 530°C, the UTS achieved were 284.5 and 297 MPa 

respectively. This means that with a relatively short solution treatment time of 3 hours, 

more than 100 % of the maximum UTS can be achieved. 

 

 

 

 

Fig. 7. Effect of solution treatment on mechanical properties:  

a) UTS; b) ductility; c) Brinell hardness 

The eutectic Si particles also strengthen the alloy. For the same amount of Si, smaller 

and more uniformly distributed particles have a stronger effect. The fragmentation of Si 

fibres reduces the particle size and increases the particle number and thus strengthens the 

alloy. The fragmentation of the eutectic Si takes place mostly at the early stage of solution 

treatment, and so, the strengthening effect caused by the morphology variation of Si 
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particles occurs mostly in this time. The Si fragmentation still may be occurring, but 

slowly, and at the same time, Si particles are spheroidized and coarsened. In this time, the 

strengthening effect caused by Si fragmentation is counteracted by the weakening effects of 

coarsening and spheroidization, resulting in small variations in strength. 

In Fig. 7b the ductility to fracture is seen to decrease with ageing time as the ultimate 

tensile strength increases. 

Effect of solution treatment time at 530°C on hardness shows Fig. 7c. Brinell hardness 

in as-cast state was approx. 62 HBW 5/250/30 (Fig. 7c). With a solution time of 2 hours the 

HBW were higher more than 15 % (71.3 HBW). By increasing solution time from 2 to 3 or 

4 hours, the HBW increased to 77.2 (grow about 24.5 %) and 87.7 HBW (41 %) 

respectively. With further increase of the solution time up to 5 hours, the HBW increased to 

93.8 (more about 51.2 % as in as-cast state). With a prolonged solution treatment time of 7 

hours at 530°C, the HBW were 102. Regularly hardness increased after experimental heat 

treatment. It is well-known that the Si phase is harder than Al-phase. Hence, the size, 

morphology and distribution of Si could affect the hardness of Al-Si alloy. Moreover, finer 

Si provides more obstacles to grain boundary sliding. Therefore, the treated alloys which 

have finer Si-particles in structure present higher hardness values. 

Conclusions 

The experimental heat treatment (T6 - solution heat treatment from 2 hours to 7 hours at 

530°C, quenching in water at 20°C and precipitation hardening for 4 hours at 160°C) 

improves microstructure and mechanical properties of all samples of the cylinder head casts 

from AlSi7Mg0.3 (A356) alloy.  

The results obtained suggest that it is possible to shorten the holding time at a 

temperature of solution treatment. 

The mechanical properties of the cylinder head castings (OM 661 for Daewoo) are 

reliably achieved by the manufacturer in the following heat treatment: 4 hours at 530°C, 

quenching in water at 20°C and precipitation hardening for 4 hours at 160°C. In this heat 

treatment, castings have an ultimate tensile strength 264 MPa, ductility 8.8 % and Brinell 

hardness 87.7 HBW. 

Solution temperature 530°C and 4 hours solution time is appropriate to obtain better Si-

morphology and distribution of Si particles in microstructure of the cylinder heads casts. 

Solution treatment blunts the sharp edges of Si particles and promotes fracture resistance. 

Prolonged solution treatment (more than 5 hours) leads to a coarsening of the Si particles, 

while the numerical Si density decreases. As the particle density decreases, a fewer number 

of sites are available for crack nucleation, and hence, the fracture properties are improved. 

The data obtained from this study will be used to improve process control and to help 

the selection of the heat treatment for future products. 
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