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Abstract: The effects of AlTi5B1 grain refinement and cooling rate on the microstructure and mechanical properties of a secondary 

AlSi7Cu3Mg alloy were reported. Metallographic and image analysis techniques have been used to quantitatively examine the 

macrostructural and microstructural changes occurring with the addition of grain-refining agent at different cooling rates by using a 

step casting die. The results indicate that the addition of AlTi5B1 produces a fine and uniform grain structure throughout the casting 

and this effect is more pronounced in the slowly solidified regions. Increasing the cooling rate, lower amount of grain refiner is 

necessary to produce a uniform grain size throughout the casting. On the other hand, the initial contents of Ti and B, present as 

impurity elements in the supplied secondary alloy, are not sufficient to produce an effective grain refinement. The results from the 

step casting geometry were applied to investigate a gasoline 16V cylinder head, which was produced by gravity semi-permanent 

mould technology. The grain refinement improves the plastic behaviour of the alloy and increases the reliability of the casting, as 

evidenced by the Weibull statistics. 
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1 Introduction 

 

Aluminium alloys are widely used in the transport 

industry due to their relatively low density. They allows 

approximately a 50% weight saving over competing 

ferrous materials. Lightweighting is one of the most 

effective impacts on fuel consumption and CO2 

emissions: as 100 kg saving on the mass of a car is 

equivalent to a reduction of 0.35 L of fuel per 100 km 

and 9 g of CO2 per km, respectively [1]. 

The cylinder head, along with cylinder block, 

valvetrain, crankshaft and pistons, and connecting rod 

assembly, is one of the main components of internal 

combustion engines. It conveys air and gasoline to the 

combustion chamber and serves as a cover for the 

cylinders. 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 [2]. In order to 

resist the high combustion pressure, it is demanded to 

develop high strength materials and innovative processes 

for the production of cylinder heads. 

Aluminium alloys are increasingly being used to 

produce cylinder heads due to the favourable ratio 

between mechanical strength and low density, and good 

thermal conductivity. In Europe, cast iron cylinder heads 

have been almost completely replaced by cast Al alloys 

during the past 20 years. This replacement is particularly 

evident for engines equipping light duty vehicles, like 

personal cars and light commercial vehicles. 

Base materials used for aluminium cylinder heads 

are hypoeutectic primary Al−Si foundry alloys, whose 

final microstructure consists of a primary Al-rich phase, 

with an Al−Si eutectic structure made by hard and brittle 

plate-like eutectic Si phase in a softer Al matrix. The 

modification of the eutectic Si from a detrimental 

plate-like morphology to a fine and fibrous structure can 

be achieved in two different ways: by rapid cooling 

during the solidification [3] or by adding small amounts 

of modifying elements, such as Na and Sr. 

Further, Mg and Cu are typically present in order to 

improve the fatigue performance and the high 

temperature resistance of the Al−Si alloys, respectively. 

Innovative Cu-containing alloys have been developed 

specifically for high performance diesel engines (e.g., 

AlSi7MgCu0.5, AlSi9Cu1Mg), providing strength and  
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hardness even without post-casting heat treatment [4,5]. 

Even if the selection of the alloy composition can be 

optimised according to the specific design and casting 

conditions of the component, it is however important to 

find a compromise between high mechanical properties 

and reasonable material cost. For this reason, the 

diffusion of secondary Al foundry alloys is increasing in 

the Al foundry. The secondary Al alloys show lower cost 

than primary ones, but present small amount of elements 

and impurities, with wider composition tolerance limits 

with respect to primary alloys. These characteristics are a 

consequence of the recycling process and can have 

negative effects on the mechanical properties and final 

quality of the components [6]. Therefore, in order to 

satisfy all the product  requirements, a proper control of 

the as-cast microstructure by the application of 

preliminary processes, such as grain refinement and 

eutectic modification, is generally necessary [7]. 

Chemical grain refinement is commonly used in 

sand and gravity Al foundries for automotive castings to 

ensure fine and equiaxed grains [8−10]. The Al−Ti−B 

master alloys, in particular AlTi5B1, are widely used as 

grain refiners [11]. Several works, mainly referred to 

primary foundry alloys, have been carried out on grain 

refinement, revealing how the TiB2 particles present in 

the Al−Ti−B master alloys are the germ for the 

heterogeneous nucleation [12], but they become efficient 

grain refiners only with an excess Ti content [13,14]. 

This excess can not only increase the nucleating potency 

of TiB2 particles, but also reduce the grain growth of 

primary α(Al) crystals during the solidification. Using 

Al−Ti−B master alloys, a content of 0.10%−0.15% Ti 

(mass fraction) is generally added to primary Al   

alloys [8]. 

On the other hand, the studies on grain refinement 

of secondary Al−Si alloys are limited. The application of 

a preliminary melt treatment for grain refinement can 

effectively reduce the detrimental effect of impurities, by 

reducing the size of the brittle phases formed by the high 

level of impurities [15]. However, it has also been 

demonstrated that the presence of these impurity 

elements can affect the degree of grain refinement  

itself [16] or decrease the efficiency of Al−Ti−B grain 

refiners [17,18]. 

In this work, the grain refinement of a gravity die 

cast secondary AlSi7Cu3Mg alloy for automotive 

cylinder heads has been studied. Firstly, the study 

focused on a step casting, where different solidification 

conditions occurred according to the wall thickness of 

each step. Further, the results were used to develop the 

grain refining process of an automotive gasoline 16V 

cylinder head, which was produced by gravity 

semi-permanent mould technology. 

 

2 Experimental 
 

2.1 Casting alloys 

A secondary AlSi7Cu3Mg cast alloy was supplied 

as commercial secondary alloy in the form of ingots and 

used as a base-line. The ingots were pre-heated at 

(150±10) °C and subsequently brought to the melting 

temperature at (780±10) °C. The chemical composition 

of the supplied base alloy (Alloy 0), measured on 

separately poured samples, is shown in Table 1. The 

molten metal was tapped from the furnace, skimmed and 

treated according to the standard foundry practice. The 

reduced pressure test was performed to evaluate the 

molten quality after degassing. Density values higher 

than 2.66 g/cm
3
 were measured during the experimental 

campaign. The liquid metal was then transferred to an 

holding furnace where grain refinement and eutectic 

modification were carried out. Hydrogen content of the 

melt in the holding furnace was analysed by Foseco 

ALSPEK H
®
 analyser, and it was almost constant at  

0.20 mL/100 g Al. 

Three different alloy configurations were designed 

in the experimental plan: base alloy (Alloy 0); base alloy 

+ 0.01% Sr (mass fraction) (Alloy 1); base alloy +  

0.01% Sr + 0.125% Ti (mass fraction) (Alloy 2). 

Grain refinement and eutectic modification were 

achieved by properly adding weighed AlTi5B1 and 

AlSr3.5 rods into the molten base alloy to ensure that the 

Ti and Sr levels reached the desired levels. The chemical 

compositions of the experimental alloys are indicated in 

Table 1. 

 

2.2 Step casting 

In order to evaluate the combined effects of grain 

refinement and cooling rate, a step casting die was used. 

A detailed description of the permanent step mould 

design, the casting procedure, and the process parameters 

was given elsewhere [19,20]. Briefly, the step casting 

presented a range of thickness from 5 to 20 mm and it 

was gated from the side of the thinnest step, while the  

 

Table 1 Chemical compositions of experimental alloys (mass fraction, %) 

Alloy No. Si Fe Cu Mn Mg Zn Cr Ni Ti B Sr Al 

0 7.26 0.620 3.15 0.344 0.357 0.570 0.033 0.035 0.0411 0.0012 0.0001 Bal. 

1 7.27 0.634 3.09 0.348 0.351 0.550 0.034 0.035 0.0397 0.0008 0.0114 Bal. 

2 7.25 0.631 3.13 0.350 0.365 0.570 0.032 0.034 0.1270 0.0180 0.0108 Bal. 
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riser, over the casting, ensured a good feeding. The die 

cavity had a filter seat before the gating system, where a 

Foseco SIVEX foam filter with medium porosity was 

placed before each casting. The mass of the Al alloy 

casting, including the runner system, was about 1.8 kg. 

A semi-permanent layer of boron nitride coating 

was sprayed on the AISI H11 die walls at temperature of 

about 200 °C according to standard foundry practice. 

Before pouring, the temperature of the die was increased 

up to (350±10) °C. The temperature of the die was 

measured by means of thermocouples embedded in the 

die in order to ensure a good reproducibility of the tests. 

The working temperature in the die was in the range of 

380−450 °C. 

 

2.3 Cylinder head 

To analyse the effects of grain refinement on real 

complex-shaped castings, an automotive gasoline 16V 

cylinder head (Fig. 1), which was produced by gravity 

semi-permanent mould technology, was cast by using 

alloys 1 and 2 (see Table 1). The mass of the Al alloy 

casting was respectively 12.8 or 6 kg, including or 

without the runner system and the riser. The melt was 

automatically transferred from the holding furnace to the 

die by means of a coated ladle. 

 

 

Fig. 1 Geometry of gasoline 16V cylinder head analysed (View 

from the side of the flame deck showing the bowl shaped 

cavities, typical of gasoline cylinder heads) 

 

2.4 Metallographic characterisation 

Generally, cylinder heads, produced with gravity 

casting process, show high solidification rates in the 

flame deck region, resulting in a fine microstructure with 

low defect content and hence good mechanical  

properties; on the contrary, the bolt bosses present 

coarser microstructure due to greater wall thickness and 

lower cooling rate. These regions are the most thermally 

and mechanically stressed ones, therefore, the evaluation 

of microstructure is mandatory, as required by most of 

the customers’ specifications. On the other hand, the step 

casting’ design allows to obtain a range of solidification 

rates and consequently different microstructures in one 

pour. Here, the 5- and 15-mm steps show cooling rates 

similar to those obtained in the flame deck and bolt 

bosses, respectively. 

Therefore, the 5- and 15-mm thick steps were 

sectioned along their main axis at half width, while the 

cylinder heads were sectioned parallel to the flame deck 

(~4 mm under the casting surface) and transversally 

along the bolt bosses. 

In order to evaluate the microstructure, the 

specimens were prepared up to 3 μm finish with diamond 

paste and, finally, polished with a commercial fine silica 

slurry for metallographic investigations. Microstructural 

analysis was carried out using an optical microscope and 

quantitatively analysed using an image analyser. 

The image analysis was focused on the secondary 

dendrite arm spacing (SDAS), and on the size and 

morphology (aspect ratio) of the eutectic silicon  

particles. The linear intercept method was used to 

measure the SDAS. This method entails drawing a 

straight line perpendicular to the growth direction of 

aligned groups of secondary cells to indicate dendrite 

arms for measurements; the value of SDAS is then 

calculated as the ratio between the length of the intercept 

line and the number of the secondary cells. The size of 

eutectic Si particles is defined as the equivalent circle 

diameter (d), while the aspect ratio (α) is the ratio of the 

maximum to the minimum Ferets. To obtain a statistical 

average of the distribution, more than 1000 particles 

from each specimen were analysed. 

To quantitatively calculate the grain size, the 

polished specimens were etched in concentrated Keller’s 

reagent (7.5 mL HNO3, 2.5 mL HF, 5 mL HCl and 35 mL 

H2O) and further in a HNO3 solution to improve  

contrast [21]. The grain size was then measured using the 

Heyn linear intercept procedure, according to the ASTM 

standard E112-12 [22]. 

 

2.5 Tensile testing 

Round tensile specimens were machined from the 

regions of the flame deck (P1−P4) and along the bolt 

bosses (C1−C4), as indicated in Fig. 2. The tensile 

specimens had a total length of 100 mm and gauge 

length and diameter of 25 and 5 mm, respectively. 

Though the melt quality was monitored during the 

cylinder heads manufacturing by evaluating the density 

and hydrogen content as described in Section 2.1, 

radiographic inspections were further carried out on the 

tensile specimens before mechanical testing in order to 

assure an acceptable level of soundness and to localise 

the porosity distribution. 

At least 20 tensile tests were done for each alloy 
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Fig. 2 Locations of specimens for mechanical testing and metallographic investigations: Flame deck (P1−P4) and bolt bosses 

(C1−C4) 

 

according to the standard ISO 6892−1:2009 [23]. The 

crosshead speed was 2 mm/min. The strain was 

measured using a 25 mm extensometer. Experimental 

data were collected and processed to provide yield stress 

(YS, actually 0.2% proof stress), ultimate tensile strength 

(UTS) and the elongation to fracture (sf) and quality 

index (Q), which was developed by DROUZY et al [24]. 

If the flow stress−strain curve is described by the 

Hollomon law: 
 

σt=K(εt)
n                                                        

(1) 
 

The quality index takes into account the UTS (σb) 

and sf in the equation [25] 
 

Q=σb+0.4Klg sf                              (2) 
 

where σt (MPa) and εt are true stress and true plastic 

strain, respectively; n is the strain hardening exponent 

and K (MPa) is the material’s strength coefficient. The 

quality index, combining both strength and ductility, can 

be more descriptive of alloy tensile properties. 

The two-parameter Weibull analysis was then 

applied to accurately describing the distribution of tensile 

properties of the alloys [26]. The slope of the linearised 

Weibull plot, known as Weibull modulus β, represents an 

index of the reliability of the experimental data. 

According to GREEN et al [27], this parameter seems to 

be more important than the average mechanical 

properties. 

 

3 Results and discussion 

 

3.1 Macrostructural observations 

3.1.1 Step casting 

Typical macrostructures of step castings after Sr 

modification and grain refinement treatment are shown 

in Fig. 3. In the base alloy, as well as after Sr addition, 

the grain structure becomes coarser by increasing the 

 

Fig. 3 Grain structures of AlSi7Cu3Mg step castings: (a) Base 

alloy (Alloy 0); (b) Sr-modified alloy (Alloy 1); (c) Sr- 

modified and AlTi5B1 grain refined alloy (Alloy 2) [20] 

 

step thickness from 5 to 20 mm (Figs. 3(a) and (b)). The 

macrographs reveal equiaxed grains throughout the 

castings and no columnar grains are present. Generally, 

this indicates that the heat extraction, which strongly 

depends on the casting geometry and process parameters, 

exceeds the rate of heat generated by the solidification 

process, independently of step thickness. As a result, the 

liquid undercools at a level that activates heterogeneous 

nuclei present in the liquid, producing multiple 

heterogeneous nucleation. Further, the undercooling 

decreases according to the thermal gradient in the 

castings, that is from thin to thick step. 

The addition of AlTi5B1 grain refiner produces a 

uniform grain structure throughout the step castings. Fine 

and equiaxed grains are observed (Fig. 3(c)). 
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3.1.2 Cylinder head 

Typical macrostructures of flame deck and bolt 

bosses drawn from cylinder heads after Sr modification 

and grain refinement are shown in Fig. 4. 

 

 

Fig. 4 Grain structures of AlSi7Cu3Mg cylinder head in 

regions of bolt bosses (transversal section) (a, b) and flame 

deck (longitudinal section, ~4 mm under the casting surface)  

(c, d), indicated by red squares (The macrographs refer to 

Alloys 1 (a, c) and 2 (b, d), respectively) 

 

In the Sr-modified alloy (Alloy 1), a non- 

homogenous grain structure is observed throughout the 

casting’s sections (Figs. 4(a) and (c)). The macrographs 

reveal a complete equiaxed grain structure without 

columnar grains, independently of wall  thickness. The 

flame deck (Fig. 4(c)) shows finer grains than bolt bosses 

(Fig. 4(a)). This is due to the position of the casting in 

the die, which enables higher solidification rate in the 

flame deck region. On the contrary, the application of 

sand cores, to obtain the complex geometry for cooling 

water-jacket inside the cylinder head, produces slower 

cooling rates with coarser grains. However, the cooling 

condition throughout the flame deck is not uniform as 

revealed by the grain structure. The highest values are 

localised around the valves, where the die receives a 

great amount of solidification heat from the casting. 

Further, the space between the valves (exhaust valves) of 

Fig. 4(c) is characterized by a non-homogeneous grain 

structure, i.e., fine and coarse grains coexist. This area is 

particularly critical because it reaches the highest 

temperatures on-service and is exposed to severe thermal 

fatigue effects when the engine warms up or cools  

down [28]. 

The AlTi5B1 grain refinement produces a uniform 

grain structure throughout the castings. Fine and 

equiaxed grains are observed (Figs. 4(b) and (d)). This 

may be attributed to the increased number of TiB2 and 

Al3Ti particles made available by grain refiner. 

3.1.3 Quantitative comparison 

Figure 5(a) shows the relation between the grain 

size and the step thickness as a function of the Sr 

modification and grain refinement. The high cooling rate 

in the 5 mm step produces a uniform and fine grain 

structure (~965 µm), independently of the modification 

or grain refiner level. By decreasing the cooling rate, the 

untreated or Sr-modified alloys (Alloy 0 and Alloy 1) 

present coarser grain size, that is ~1250 µm at 15 mm 

step thickness. 

 

 

Fig. 5 Variations of grain size for different step thickness (a) 

and regions of cylinder head (b) as function of experimental 

alloys 

 

Considering the cylinder head (Fig. 5(b)), due to the 

high cooling rate, the flame deck shows an average grain 

size of ~1050 µm in the Sr-modified alloy (Alloy 1), 

while the macrostructural scale slightly decreases after 

the grain refinement (Alloy 2), with a reduction of the 

average grain size of ~3%. The greatest effect of grain 

refinement is observed on the dispersion of the grain  

size, as revealed by the standard deviations (σ). A more 

uniform grain structure is obtained after AlTi5B1 

addition with a standard deviation of ~40 µm, against 

145 µm in the Sr-modified alloy. 
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The impact of grain refinement is more pronounced 

in the slowly solidified regions, i.e., bolt bosses, with 

~7% reduction of the average grain size and a more 

uniform grain distribution with a standard deviation of 

40 µm. 

The analysed steps present a grain size comparable 

with the macrostructural scale in the flame deck and bolt 

bosses of the cylinder head. Furthermore, the level of 

grain refinement achieved with the addition of AlTi5B1 

is comparable in the two different casting geometries. 

In commercial primary Al and Al alloys, it has been 

reported how the addition of Al−Ti−B master alloys 

guarantees the substrates for heterogeneous nucleation of 

primary α(Al) phase and increases the Ti content as 

solute in the liquid too. Titanium, segregating at the 

inoculant/melt interface, affects the growth of dendrites 

and leads to a constitutionally undercooled zone in front 

of the growing interface within which nucleation can 

occur on nucleants that are present [14]. It seems that in 

Al−Si foundry alloys, the effects of both nucleants and 

segregated solute play an important role in an efficient 

refinement. In the present work, the supplied secondary 

AlSi7Cu3Mg alloy ingots contained an amount of 

0.0411% Ti (mass fraction) as impurity, which was not 

sufficient to induce an effective growth-restriction of 

primary α(Al) and thus a complete grain refinement. The 

addition of AlTi5B1 grain refiner seems to be necessary 

to introduce stable nucleants, such as TiB2, and the 

excess Ti solute is useful to reduce the grain growth of 

α(Al) crystals. Further, the presence of Sr does not 

produce any interaction or poisoning of AlTi5B1 grain 

refiner. 

 

3.2 Microstructural observations 

3.2.1 Step casting 

Typical microstructures of the step castings are 

shown in Fig. 6, referred to 5 and 15 mm steps      

and corresponding to the base AlSi7Cu3Mg alloy 

 

 

Fig. 6 Eutectic silicon particles observed in 5 mm (a, c, e) and 15 mm (b, d, f) steps: (a, b) Base AlSi7Cu3Mg alloy (Alloy 0);     

(c, d) After Sr modification (Alloy 1); (e, f) after combined addition of Sr and AlTi5B1 (Alloy 2) 
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(Alloy 0), to the Sr-modified alloy (Alloy 1) and after Sr 

modification and AlTi5B1 grain refinement (Alloy 2), 

respectively. 

The microstructure consists of a primary phase, 

α(Al) solid solution, and an eutectic mixture of Al and Si. 

The α(Al) precipitates from the liquid as the primary 

phase in the form of dendrites. Intermetallics  

compounds, such as Fe- and Cu-rich intermetallics, were 

also observed (see Fig. 6). The Fe-bearing particles are 

observed in the microstructure both in the form of coarse 

Chinese script α-Al15(Fe,Mn)3Si2 particles and needle- 

shaped β-Al5FeSi phase. A high fraction of Cu-rich 

structures was detected in the form of both fine  

lamellae inside an Al+Al2Cu eutectic structure in the 

interdendritic regions, and block-like θ-Al2Cu  

particles. 

In the base alloy, the eutectic Si particles show a 

coarse plate-like morphology with coarser particles by 

increasing the step thickness (Figs. 6(a) and (b)). The 

highest cooling rate corresponding in the present work to 

the 5 mm step is not able to activate a quench 

modification [3]. 

The addition of nominal 0.01% Sr (mass fraction) 

produces a finer and fibrous eutectic Si, even in the   

15 mm step (Figs. 6(c)−(f)). It is not difficult to conclude 

that the AlTi5B1 grain refiner has no poisoning effect on 

the Sr modification under the present casting conditions. 

3.2.2 Cylinder head 

Typical microstructures of the cylinder head are 

shown in Fig. 7, which refer to the flame deck and bolt 

bosses, and correspond to the Sr-modified alloy (Alloy 1) 

and after the combined addition of Sr and AlTi5B1 

(Alloy 2). 

Due to Sr modification, the eutectic Si exhibits fine 

and fibrous morphology in both the analysed alloys and 

regions. Again, no evidence of any Sr poisoning 

mechanism by AlTi5B1 was found, reflecting the same 

results already obtained with the step castings. 

3.2.3 Quantitative comparison 

Generally, different casting thicknesses should 

produce different heat extraction rates and therefore 

different cooling rates. This is evident from the grain 

structure as well as the microstructural scale, which was 

here quantitatively estimated by means of SDAS 

measurements. The range of cooling rates was evaluated 

by SDAS that strictly depends on the cooling rate 

according to the empirical equation [29]: 
 

SDAS=39.4R
−0.317

                            (3) 
 

where R represents the mean cooling rate of the primary 

α(Al) dendrites during solidification. The SDAS values 

and the corresponding cooling rates are listed in Table 2. 

The R values range between 0.9 and 5.5 °C/s, 

neither Sr nor AlTi5B1 affect it. On the other hand, the 

effects of Sr and AlTi5B1 on the eutectic Si morphology 

and the grain size are clear, but they had no impact on 

SDAS values which are still cooling rate dependant. The 

absence of any interaction between the AlTi5B1 grain 

refiner and the SDAS values is in accordance with the 

results from BIROL [30]. 

 

 

Fig. 7 Typical microstructures of Sr-modified alloy (Alloy 1) (a, b) and after Sr modification and AlTi5B1 addition (Alloy 2) (c, d): 

(a, c) Regions of flame deck; (b, d) Bolt bosses 



Giordano CAMICIA, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1211−1221 

 

1218 
 

Table 2 Average SDAS values measured in different steps and 

regions of cylinder head of experimental alloy 

Location Alloy No. SDAS/µm Cooling rate/(°C·s−1) 

Step 5 mm 

0 24 ± 5 4.8 

1 24 ± 7 4.8 

2 23 ± 6 5.5 

Step 15 mm 

0 38 ± 7 1.1 

1 41 ± 10 0.9 

2 41 ± 9 0.9 

Flame deck 
1 25 ± 6 4.2 

2 26 ± 6 3.7 

Bolt bosses 
1 42 ± 10 0.8 

2 39 ± 9 1.0 

     

Considering different heat extractions and cooling 

rates in the analysed regions, significant coarsening of 

the dendrite arms occurs during solidification of the bolt 

bosses and the 15 mm step, as revealed by great SDAS 

values, ~40 µm (Table 2); the flame deck and the 5 mm 

step show finer microstructure, ~25 µm. Furthermore, 

the 15 and 5 mm steps show SDAS values close to those 

obtained in the bolt bosses and flame deck,  

respectively. 

On industrial casting production, it is difficult to 

obtain high solidification rate throughout the overall 

casting, therefore fine SDAS, for several reasons [31]: 

the complexity of the shape of cylinder heads, having 

many cavities in close proximity; the need for directional 

solidification to avoid casting macrodefects, and thus 

satisfactory quality in the final component; efficient heat 

removal is possible only close to the die walls; the  

gating and riser designs are influenced by the part 

geometry. 

The eutectic Si particles shapes and sizes were 

quantitatively analysed and the main results are shown in 

Table 3. 

The Sr effect on the aspect ratio of the eutectic Si 

particles is observed. The unmodified alloy (Alloy 0) 

shows mean values of aspect ratio of ~2.3, while in the 

Sr-modified alloys (Alloys 1 and 2), these values are 

reduced. For a defined alloy, no change of these features 

was observed in different analysed regions, i.e., no effect 

of cooling rate took place. On the contrary, the effect of 

cooling rate is evident on the dimension of the eutectic Si 

particles. 

The AlTi5B1 grain refiner had no poisoning effect 

on the Sr modification under the present casting 

conditions. On the other hand, for the same location, no 

substantial change of the above discussed features was 

noted moving from Alloy 1 to Alloy 2. 

Table 3 Average values of size, roundness and aspect ratio of 

eutectic Si particles in different steps and regions of cylinder 

head as function of experimental alloy 

Location Alloy No. Size/µm Aspect ratio 

Step 5 mm 

0 1.2 ± 1.2 2.1 ± 0.9 

1 1.2 ± 1.0 1.8 ± 0.6 

2 1.2 ± 1.1 1.7 ± 0.5 

Step 15 mm 

0 1.7 ± 1.4 2.4 ± 1.1 

1 1.7 ± 1.2 1.9 ± 0.7 

2 1.4 ± 1.2 1.9 ± 0.7 

Flame deck 
1 1.1 ± 1.2 1.9 ± 0.7 

2 1.3 ± 1.2 1.5 ± 0.3 

Bolt bosses 
1 1.5 ± 1.3 1.7 ± 0.5 

2 1.5 ± 1.1 1.7 ± 0.5 

     

3.3 Mechanical testing 

Several works [4,20,27,29,32−34] report how the 

mechanical properties of cast Al alloys are strongly 

affected by the secondary dendrite arm spacing. The 

general results evidence that the mechanical properties 

increase when SDAS decreases. The average tensile 

properties obtained in different regions of cylinder heads 

for the analysed alloys are listed in Table 4. Investigation 

results confirmed that increasing the cooling rate from 

the regions of bolt bosses to the flame deck improves the 

mechanical properties of as-cast AlSi7Cu3Mg alloy. For 

comparison, according to the EN 1706:2010    

standard [35], the minimum mechanical properties of 

as-cast AlSi7Cu3Mg alloy, separately poured in a 

test-bar permanent mould, are 100 and 180 MPa for YS 

and UTS respectively, and 1% for elongation to fracture. 

In the present work, higher mechanical properties are due 

to both Sr modification and higher cooling rate respect to 

the separately cast test-bars. 

 

Table 4 Average mechanical properties obtained from different 

regions of cylinder head 

Location 
Alloy 

No. 

YS/ 

MPa 

UTS/ 

MPa 
sf/% 

Quality 

index/MPa 

Flame deck 
1 142 ± 5 222 ± 6 1.8 ± 0.5 252 ± 15 

2 154 ± 9 224 ± 4 2.2 ± 0.2 274 ± 17 

Bolt bosses 
1 130 ± 5 200 ± 4 1.6 ± 0.1 231 ± 15 

2 135 ± 4 203 ± 3 1.8 ± 0.1 239 ± 9 

       

The addition of AlTi5B1 grain refiner improves the 

mechanical behaviour of the Sr-modified cylinder heads, 

due to the change in the microstructure. The well-known 

Hall−Petch relationship shows that grain refinement is 

highly effective in improving the mechanical properties 

of materials. Fine equiaxed grain structure is desired 
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because it comes along with other several benefits such 

as uniform distribution of second phases and 

microporosity, improved feeding ability to avoid 

incomplete filling of mould, reduced porosity and the 

elimination of hot tearing and improved machinability of 

the products. 

GRUZLESKI and CLOSSET [8] stated how the 

improvements carried out by grain refinement in Al−Si 

foundry alloys are mainly due to more uniform defects 

distribution rather than any decrease in grain size, and 

this leads to greater casting repeatability and reliability. 

Several studies on cast metals has indicated how the 

Weibull distribution can reasonably describe the 

probability of fracture and the reliability of the casting 

process [26,27]. For Al castings, the two-parameter form 

of the Weibull distribution is widely adopted and can be 

expressed as 
 

Pi=1−exp[−(x/η)
β
]                             (4) 

 

where Pi is the cumulative fraction of specimen failures 

(in tensile test) estimated according the Benard   

method [27]; x is the variable being measured (Q); η is 

the scale parameter, i.e., the characteristic quality level at 

which 63.21% of the specimens has failed; β is the shape 

parameter, alternatively referred to as the Weibull 

modulus. The Weibull distribution can be converted into 

the linear form: 
 

ln{ln[1/(1−Pi)]}=βln x−βln η                    (5) 
 

which can be easily plotted with ln x and ln{ln[1/(1−Pi)]} 

as main axes. If the experimental distribution is 

Weibullian, a straight line will be produced with slope β 

and intercept –βln η. The slope β physically represents 

the Weibull modulus of the casting and it is clearly a 

measure of the spread of the distribution and 

repeatability of the castings. 

Figure 8 shows the cumulative failure probabilities 

 

 

Fig. 8 Cumulative failure probability for Q values of tensile 

specimens drawn from cylinder heads produced with different 

experimental alloys 

of the tensile bars drawn from the cylinder heads 

produced with different alloys as a function of the quality 

index Q. The Weibull function, calculated according to 

Eq. (5), was used to fit the cumulative distributions. It is 

clear from the graph that the finest grain structure offered 

by the AlTi5B1 grain refiner (Alloy 2) strongly increases 

the reliability of the cast AlSi7Cu3Mg components. 

It should be considered how the specimens drawn 

from the flame deck undergo higher cooling speed than 

the region of the bolt bosses, thus resulting in a finer 

microstructure. It seems logical, therefore, to exclude 

this bias to the Weibull results. The different analysed 

regions are distinguished in Fig. 9, where it is evident 

how the Weibull modulus is strongly affected by the 

regions of casting and grain refinement treatment. In 

general, higher β values are observed in the bolt bosses 

with respect to the flame deck. This behaviour can be 

attributed to the feeding mechanism in this region during 

the liquid−solid transaction as the bolt bosses are directly 

connected to the riser located at the top of the casting 

(see Fig. 4). The addition of AlTi5B1 (Alloy 2) produces 

a reduction of the average grain size and a more uniform 

grain distribution, especially in the region of the bolt 

 

 

Fig. 9 Weibull plots for UTS (a) and Q (b) values obtained 

from tensile test bars drawn from flame deck and bolt bosses of 

cylinder heads (The Weibull moduli of the analysed alloys are 

indicated in graph) 
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bosses (see Fig. 5). This leads to the increase of the 

coherency fraction solid and delay of the onset of 

dendrite coherency. It is therefore expected that the 

feeding process during solidification will continue for 

longer time with an overall reduction and distribution in 

porosity. Therefore, the addition of AlTi5B1 produces 

greater mechanical properties as shown in Table 4 and 

higher Weibull moduli, thus increasing throughout the 

reliability of the cylinder heads. For automotive 

structural components, such as cylinder heads, this could 

be considered as “an increase in safety” and useful to 

decrease the safety coefficients, i.e., wall thickness 

downsizing, which is important for both mass saving and 

reduction of the production cycle time. 

 

4 Conclusions 
 

1) The presence of Ti and B as impurity elements in 

the supplied secondary AlSi7Cu3Mg alloy is not 

sufficient to produce an effective grain refinement. 

2) Decreasing the cooling rate, both the supplied 

and Sr-modified alloys exhibit a coarse and 

non-homogenous grain structure throughout the casting; 

on the contrary, the addition of AlTi5B1 grain refiner 

produces fine and uniform grains. 

3) The improved effects of grain refinement are 

more pronounced in the slowly solidified regions of 

casting. 

4) The combined addition of Sr and AlTi5B1 does 

not produce any reciprocal interaction or effect on 

primary α(Al) and eutectic solidification. 

5) The tensile properties such as the yield strength, 

ultimate tensile strength, elongation to fracture and 

quality index increase by reducing the microstructural 

scale, i.e., increasing the cooling rate. 

6) The grain refinement improves the mechanical 

properties of as-cast AlSi7Cu3Mg alloy. 

7) The Weibull modulus β is strongly affected by 

the chemical grain refinement. The addition of AlTi5B1 

produces higher Weibull moduli, thus increasing 

throughout the reliability of the casting. For automotive 

structural components, this could be considered as “an 

increase in safety”. 
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重力铸造汽车气缸盖用 

AlSi7Cu3Mg 二次合金的晶粒细化 
 

Giordano CAMICIA, Giulio TIMELLI 
 

Department of Management and Engineering, 

University of Padova, Stradella S. Nicola, 3 I-36100 Vicenza, Italy 

 

摘  要：研究了 AlTi5B1 晶粒细化和冷却速率对 AlSi7Cu3Mg 二次合金显微组织和力学性能的影响。采用阶梯铸

模在不同冷却速率下制备添加晶粒细化剂的合金，并利用金相和图像分析技术定量研究了合金的宏观组织和显微

组织。研究结果表明，添加 AlTi5B1 后，整个铸件具有细小均匀的晶粒组织，且在慢速凝固区域效果更显著。当

冷却速率增加时，少量细化剂就可使铸件获得细小均匀组织。另外，原材料中的 Ti 和 B 以杂质的形式存在，不

足以形成有效的晶粒细化效果。利用阶梯铸造法的研究结果研究了重力半固模铸造 16V 汽油发动机气缸盖。

Weibull 统计结果表明，晶粒细化改善了合金的塑形变形行为，提高了铸件的可靠性。 

关键词：铝合金；晶粒细化；阶梯铸造；气缸盖；冷却速率；显微组织；力学性能 
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