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Abstract: The microstructure of Al-Si-Mg alloys strongly depends on their chemical composition 11 

and on the heat treatment that is performed during production. The influence of solution heat 12 

treatment and the additions of Er and Zr on the microstructure of gravity cast A356 (Al-7Si-0.4Mg) 13 

are investigated. The as-cast microstructure is characterized by means of grain size measurements, 14 

morphology of eutectic Si as well as morphology, area fraction and chemical composition of the 15 

intermetallic compounds. The morphology of eutectic Si is found to be unstable with respect to high 16 

temperature exposure during solution heat treatment. The evolution mechanisms are described using 17 

thermodynamic and kinetic models for the investigated alloys and validated using optical and SEM 18 

micrographs. The effects of high temperature exposure during solution heat treatment on the amount 19 

and morphology of the intermetallic compounds is also characterized using optical and SEM 20 

micrographs.  21 

 22 

1 Introduction: 23 

Because of a combination of excellent castability, which allows to obtain components with complex 24 

shape, and satisfactory mechanical properties, Al-Si-Mg cast alloys are widespread in many industrial 25 

fields [1]. 26 

The microstructure features of this family of Al alloy in the as-cast state strongly depend on the 27 

casting technology (specifically on the solidification rate) and on the chemical composition of the 28 

alloy [2-6]. In casting techniques with a relatively low solidification rate, such as low pressure die 29 

casting, eutectic Si exhibits a plate-like morphology in the absence of modifying element such as Sr 30 

or Na [1]. In this case, the eutectic Si act as stress concentrator reducing the ductility of the alloy.  31 

In the case of A356 alloy (Al-7Si-0.4Mg), several classes of intermetallic compounds form during 32 

solidification, such as β-Al5FeSi plates, Chinese script π- Al8Mg3FeSi6 and β-Mg2Si [7-10]. The first 33 

two families of intermetallic compounds are due to the presence of Fe as impurity in Al-Si alloys. 34 

Those intermetallic compounds have notable influences on the mechanical properties of A356 alloy. 35 

β-Al5FeSi plates cause a reduction in ductility of the alloy because of their particular elongated shape 36 

as well as they notable brittleness. Moreover, the β-Al5FeSi plates promote the formation of micro- 37 

and macro-porosity in interdendritic regions during solidification [7-9].  38 

Solution Heat Treatment (SHT) at 813 K for 5 h is usually performed on gravity cast A356 alloy. The 39 

microstructure modification caused by SHT affects positively the mechanical properties of Al-Si-Mg 40 

cast alloys, as it is shown in literature [11-15]. Among the microstructure transformation phenomena 41 

that occur during SHT, the morphological modification of eutectic Si and the partial or complete 42 

dissolution of primary intermetallic compounds are the most relevant. 43 

The plate-like morphology of the eutectic Si is not stable at high temperatures [16-18]. During SHT 44 

the Si particles progressively fragment and evolve until a final stage where a spheroidal morphology 45 

is reached due to Gibbs free energy minimization [19].  46 
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The dissolution of intermetallic compounds increases the concentration of alloying elements in the 47 

matrix and allows the formation of precipitates during subsequent aging, enhancing the mechanical 48 

strength of the material. Not all the intermetallic compounds dissolve during SHT of A356: Al5FeSi 49 

plates are partially spheroidized instead of completely dissolving [20]; β-Mg2Si, on the other hand 50 

dissolve during SHT increasing the Si and Mg content in the matrix, enhancing the precipitation 51 

strengthening during aging [20, 21]. The effects of SHT on π-Al8Mg3FeSi6 are unclear. It is reported 52 

that either the Al8Mg3FeSi6 totally dissolve during SHT, or Mg present in the intermetallic 53 

compounds is selectively released in solid solution, resulting in the formation of fine, Fe-rich 54 

intermetallic compounds [20]. 55 

The addition of other alloying elements in Al-Si-Mg cast alloys modifies their microstructure 56 

features, inducing the formation of different types of intermetallic compounds [5, 6, 22, 23] as well 57 

as modifying the morphology of eutectic Si [24-26]. In this regard, the addition of Er and Zr to the 58 

commercial A356 alloy show enhanced room and high temperature mechanical properties due to 59 

microstructure modification [27, 28]. However, the kinetics of spheroidization of the eutectic Si and 60 

the evolution of the formed intermetallic compounds during SHT in the modified A356 alloys 61 

containing Er and Zr have not been investigated. This paper aims to describe those processes using 62 

thermodynamic and kinetic models, providing a better understating of the role of Er and Zr additions 63 

on the modification of the as-cast microstructure of an A356 alloy. 64 

 65 

2 Materials and Methods 66 

Al-15 wt% Er and Al-10 wt% Zr master alloys were added to a commercial A356 alloy to obtain the 67 

chemical composition reported in table 1. 68 

 69 

Table. 1: Chemical composition (wt.%) of the investigated alloys, measured using Glow Discharge 70 

Optical Emission Spectroscopy (GDOES). 71 

 72 

 Si Mg Fe Ti B Er Zr Al 

A356 7.02 0.41 0.07 0.14 0.0001 - - bal. 
E3 7.38 0.36 0.08 0.14 0.0001 0.29 - bal. 
EZ35 6.85 0.38 0.09 0.12 0.0003 0.26 0.59 bal. 

 73 

The reference and master alloys were melted in an induction furnace at a temperature of 1073 K under 74 

protective atmosphere of Ar. Magnetic stirring was used to mix the melt, minimizing inhomogeneities 75 

in the chemical composition. The melt was then poured into a stainless-steel mould preheated at 473 76 

K. The cast ingots were cylinders of ~40 mm in diameter and ~ 120 mm in height.  77 

Cuboidal samples with dimensions of ~ 10x10x10 mm3 were cut from the central part of the cast 78 

ingots, in equivalent positions for all the studied alloys and oriented randomly with respect to the 79 

ingot axis, and subjected to SHT at 813 K for different holding times (from 5 min to 5 h). Central 80 

regions of the ingots were selected because have the minimum solidification rate and thus more 81 

effectively simulate the microstructure of industrial casting. 82 

Specimens for microstructure investigations were prepared using a standard metallographic route: 83 

grinding using abrasive SiC-based papers followed by polishing using 3 and 1 µm diamond pastes, 84 

and finally polishing using colloidal silica suspension (0.04 µm abrasive size). 85 

Solidification rate in the area of the ingots used in the present investigation was estimated to be ~ 86 

2°C/s [27, 28], according to the empirical equation relating Secondary Dendrites Arm Spacing 87 

(SDAS) to the solidification rate reported in equation 1 [29].  88 

 89 
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where SDAS represents the distance between the axis of secondary dendrites arms (measured to be 91 

31.5 ± 2.5 µm) and R is the solidification rate (measured in °C/s). 92 

The equation was obtained for the same alloy, cast in an equivalent ingot and at the same casting 93 

temperature. 94 

Polished samples were utilized to investigate the microstructure features of the as-cast and solution 95 

heat treated alloys using optical microscopy. A minimum of five representative optical micrographs 96 

were taken and the morphology of eutectic Si for different holding times during solution heat 97 

treatment at 813 K was quantitatively characterized. For quantitative analysis of the microstructure a 98 

minimum of 1500 eutectic Si particles were measured in each condition. Each eutectic Si particle 99 

present in the micrographs was approximated as an ellipse. The major axis, minor axis and aspect 100 

ratio (defined as the ratio between the major and minor axes) were measured using ImageJ software. 101 

The measured data from the analysis of the evolution of the eutectic Si during SHT at 813 K was 102 

utilized in kinetic and thermodynamic models to describe the globularization behavior of the 103 

investigated alloys. 104 

Measurements of the area fraction of intermetallic compounds in the as-cast condition and after 5 h 105 

SHT were performed by using a minimum of five representative random SEM-BSE (backscattered 106 

electron detector in Scanning Electron Microscope) micrographs and analyzed using ImageJ 107 

software. The as-cast samples utilized for grain size measurements were chemically etched after 108 

metallographic preparation using a solution of 75 ml HCl + 20ml HNO3 + 5ml HF for an immersion 109 

time of 30 s. Grain size was measured using the linear intercept method for at least five representative 110 

optical micrographs acquired using polarized light.  111 

In order to qualitatively investigate the 3D morphology evolution of eutectic Si and to confirm the 112 

kinetic and thermodynamic models presented, samples subjected to different SHT times (5 min, 2 113 

and 5 h) were deep selective etched in 15 vol.% HCl aqueous solution at room temperature for 20 114 

min and analyzed by means of SEM. The deep etched samples were also analyzed using SEM to 115 

describe qualitatively in 3D the evolution of the morphology and distribution of the intermetallic 116 

compounds during SHT. Because of the small size of some types of intermetallic compounds, their 117 

location in the eutectic region and possibly particle undermining during etching, it was not always 118 

possible to investigate in detail all types of intermetallic compounds in deep etched samples.  119 

 120 

3 Results 121 

3.1 As-cast microstructure 122 

The as-cast microstructures of the investigated alloys are shown in Figure 1. They are formed by 123 

primary α-Al dendrites, surrounded by eutectic Si and different types of intermetallic compounds. 124 

The types of intermetallic compounds varied according to the chemical composition of the alloy. 125 

Globular dendrites are observed in EZ35 alloy, figure 1c), while elongated dendrites are visible for 126 

the other two alloys, figure 1a) and b).  127 

The plate-like morphology of eutectic Si is highlighted in the high magnification optical micrographs 128 

shown in figure 1d). The typical morphology of the modified Si due to Er and Zr additions is visible 129 

for E3 and EZ35 in figures 1e) and 1f), respectively. 130 

 131 

1) 
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 132 
 133 

Figure 1: Representative optical micrographs of the as-cast microstructure of a), d) A356, b), e) E3 134 

and c), f) EZ35. 135 

 136 

Representative low-magnification optical micrographs are shown in figure 2. The average grain size 137 

is 1462 ± 350 µm, 1157 ± 186 µm and 383 ± 98 µm for A356, E3 and EZ35, respectively. 138 

 139 

 140 
 141 

Figure 2: Typical optical micrographs of the as-cast of a) A356, b) E3 and c) EZ35 alloys. Polarized 142 

light was utilized to obtain the grain contrast. 143 

 144 

SEM micrographs of the as-cast alloys after deep etching are shown in Figure 3. The morphology of 145 

eutectic Si is qualitatively observed and the plate-like morphology of eutectic Si in A356 is shown in 146 

figures 3a) and 3d). On the other hand, the eutectic Si exhibits a coral-like fibrous shape for the E3 147 

and EZ35 alloys, as shown in figures 3b) and 3e) for E3 and in figure 3c) and 3f) for EZ35. 148 

The insert in figure 3d) highlights the edges of growing steps of eutectic Si, while the inserts in figures 149 

3e) and f) show particles protruding from eutectic Si, with a size ranging from ~ 300 nm to ~ 1 μm. 150 

The chemical composition of the protruding particles was measured using Energy Dispersive X-Ray 151 

Spectroscopy (EDXS) and reported in table 2. 152 

 153 
 154 
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 155 
 156 

Figure 3: Typical SEM-SE (secondary electron) micrographs of the deep-etched eutectic Si for the 157 

as-cast: a), d) A356, b), e) E3 and c), e) EZ35. Insert in figure 3d) highlights the growing steps of 158 

eutectic Si; inserts in figures e) and f) highlight particles protruding from eutectic Si. 159 

 160 

Table 2: Results of Energy Dispersive X-Ray Spectroscopy (EDXS) analyses (at.%) of intermetallic 161 

compounds particles shown in the inserts of figure 3e) and 3f). 162 
 163 

 Al Si Er Zr 
A 39.2 51.1 9.7 - 
B 40.1 50.9 8.4 0.6 

 164 

Representative BSE micrographs of the as-cast A356, E3 and EZ35 are shown in figure 4. and the 165 

typical intermetallic compounds present in the investigated as-cast alloys are highlighted. SEM 166 

micrographs and EDXS analyses of the intermetallic compounds present in the A356 alloy show the 167 

presence of π (Al8Mg3FeSi6) and Mg2Si, figure 4a), in agreement with the literature [21]. 168 

The alloys modified with additions of Er and Zr exhibited different microstructural features. Er and 169 

Zr promote the formation of different intermetallic compounds. Figures 4b) and c) show the typical 170 

intermetallic compounds formed in the E3, and figures 4d), e) and f) in the EZ35. 171 

For the E3 alloy the addition of ~0.3 wt.% Er induces the formation of three different types of 172 

intermetallic compounds: a blocky shape Mg-rich intermetallic compound (C in figure 4b), plate-like 173 

particles with a Fe/Er at. % ratio of ~ 1.2 (D in figure 4c) and a complex shape intermetallic compound 174 

with a Fe/Er ratio of ~ 4.7 (E in figure 4c). It appears that the addition of Er to A356 hinders the 175 

formation of the typical intermetallic compounds found in Al-Si-Mg alloys. 176 

For the EZ35, the addition of 0.59 wt.% Zr induces the formation of small particles at the plates’ 177 

intersection and plate-like intermetallic compounds that may act as inoculants during solidification 178 

for the α-Al dendrites (G and F in figure 4d, respectively). The intermetallic compounds found in the 179 

E3 alloy were also observed in the EZ35 alloy: the plate-like particles with Fe/Er ratio of ~ 1.2 (H in 180 

figure 4d), the blocky shape Mg-rich intermetallic compounds (I in figure 4e) and the complex shaped 181 

precipitates with a Fe:Er ratio of ~ 5.6 (L in figure 4f). Moreover, similar morphology of those 182 

intermetallic compounds in comparison to E3 is observed. A slight enrichment in Zr in their 183 

composition is found, though. 184 
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 185 
 186 

Figure 4: Typical intermetallic compounds present in the as-cast a) A356, b) and c) E3 and d) e) and 187 

f) EZ35. 188 

 189 

Results of EDXS analyses on the intermetallic compounds shown in figure 4 are exhibited in table 3. 190 

Due to the fact that the EDXS probe has a finite analysis volume, the chemical composition of 191 

intermetallic compounds may be affected by surrounding regions and should be considered 192 

qualitatively. 193 

The area fraction of intermetallic compounds in the as-cast state is shown in table 4 for the 194 

investigated alloys. 195 

 196 

Table 3: Results of EDXS analyses (at.%) of the intermetallic compounds present in the as-cast A356, 197 

E3 and EZ35 alloys and shown in figure 4. 198 

 199 

 Al Si Mg Fe Ti Er Zr 
A 70.0 17.9 9.3 2.8 - - - 
B 84.5 9.6 5.9 - - - - 
C 69.5 20.7 6.2 - - 3.6 - 
D 46.0 31.9 1.0 11.3 - 9.8 - 
E 50.7 26.2 10.5 10.4 - 2.2 - 
F 67. 4 10.2 0.6 0.5 12.5 0.8 8.0 
G 75.6 11.5 1.3 1.9 0.2 8.1 1.4 
H 43.9 37.9 1.1 8.8 0.2 7.1 1.0 
I 51.1 34.4 8.2 1.2 - 3.8 1.3 
L 46.9 33.5 2.4 13.5 - 2.4 1.3 

 200 

Table 4: Area fraction (%) of intermetallic compounds for the as-cast investigated alloys. Values for 201 

EZ35 include intermetallic compounds found in the inner regions of dendrites (which account for 202 

0.2%). 203 

 204 

 A356 E3 EZ35 
Area fraction of intermetallic compounds 0.5 ± 0.1 0.9 ± 0.1 1.3 ± 0. 2 
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 205 

3.2 Microstructure evolution during SHT 206 
 207 

Grain coarsening did not occur after 5 h SHT for the investigated alloys. The deep etched samples 208 

after SHT at 813 K were utilized to investigate qualitatively the effects of SHT on the morphology of 209 

eutectic Si. Non-deep etched samples were utilized to perform quantitative measurements of the 210 

eutectic Si morphology. Representative SEM micrographs obtained from deep etched specimens after 211 

5 min SHT are shown in figure 5. 5 min SHT is not sufficient to promote significant morphological 212 

changes in eutectic Si for the investigated alloys. Nevertheless, two phenomena can be observed in 213 

A356, namely the formation of cavities inside Si plates, as shown in figure 5a) and the rounding of 214 

plates borders (figure 5d). Similarly, in regions were the eutectic Si shows less pronounced fibrous 215 

morphology, the formation of cavities is observed for E3 and EZ35, as shown in figure 5b) and 5e) 216 

for E3 and in figure 5c) and 5f) for EZ35. 217 
 218 

 219 
 220 

Figure 5: SEM-SE (secondary electrons) micrographs of deep-etched samples showing the 221 

morphology of eutectic Si after 5 min SHT at 813 K for the a) and d) A356, b) and e) E3 and c) and 222 

f) EZ35. 223 

 224 

After 2 h SHT at 813 K a complete breakage of Si plates is observed for the A356, figure 6a). On the 225 

other hand, for the E3 and EZ35 alloys the breakage of eutectic branches is partial and local thinning 226 

of eutectic Si is observed.  227 
 228 

 229 
 230 
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Figure 6: SEM-SE (secondary electrons) micrographs showing the deep-etched morphology of 231 

eutectic Si after 2 h SHT at 813 K for the a) A356, b) E3 and c) EZ35. 232 

 233 

After 5 h SHT at 813 K significant modifications of the morphology of eutectic Si are observed, 234 

figure 7. Discrete Si particles are formed in all investigated alloys. The eutectic Si exhibits a more 235 

complex shape in A356 compared to the E3 and EZ35 alloys. Er-containing particles protruding from 236 

Si after 5 h SHT are observed for the E3 and EZ35 alloys and highlighted in the inserts of figures 7b) 237 

and 7c). 238 
 239 

 240 
 241 

Figure 7: SEM-SE (secondary electrons) micrographs showing the deep-etched morphology of 242 

eutectic Si after 5 h SHT at 813 K for the a) A356, b) E3 and c) EZ35. A detailed view of the 243 

intermetallic compounds protruding from the Si eutectic is shown in the inserts in b) and c). 244 

 245 

The evolution of the morphology of the eutectic Si during SHT at 813 K was quantified by measuring 246 

eutectic geometric features using optical micrographs obtained after different SHT times. Figure 8 247 

shows the evolution of Si aspect ratio and average length as a function of SHT time. 248 

Notable changes after SHT in the morphology of eutectic Si for the A356 alloy are observed. The 249 

aspect ratio varies from 10.8 ± 2.5 for the as-cast A356 to 4.2 ± 1.2 after 5 h SHT. The length of the 250 

eutectic Si monotonically decreases from 27.2 ± 3.8 µm in the as-cast condition, to 9.2 ± 1.8 µm after 251 

5 h SHT. 252 

For the modified alloys with Er and Zr, the morphology of the Si eutectic is not significantly affected 253 

by SHT in comparison to the A356 alloy. The aspect ratio varies from 1.6 ± 0.5 in the cast condition 254 

to 1.2 ± 0.2 for E3 after 5 h SHT for E3 alloys. For the EZ35 alloy, it varies from 1.7 ± 0.3 in the cast 255 

condition to 1.3 ± 0.2 for EZ35 after 5 h SHT. The length of the eutectic Si is slightly affected by the 256 

SHT for alloy E3, exhibiting a value of 3.5 ± 0.6 µm in the as-cast condition and 4.5 ± 0.7 µm after 257 

5 h SHT. For the EZ35, it varies from 2.3 ± 0.6 µm for the as-cast condition to 4.0 ± 0.3 µm after 5 h 258 

SHT.  259 
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Figure 8: Evolution of geometric features of eutectic Si in the investigated alloys as a function of the 263 

SHT time. 264 

 265 

Concerning the evolution of the intermetallic compounds during SHT, small Fe containing 266 

intermetallics are observed in the A356 alloy after 5h SHT at 813 K (figure 9). The EDXS point 267 

analysis of these Fe containing particles is shown table 5.  268 
 269 

 270 
 271 

Figure 9: Typical SEM-BSE (backscattered electron) micrograph showing the intermetallic 272 

compounds present in the A356 after 5 h SHT at 813 K.  273 

 274 

Table 5: Results of EDXS analysis on intermetallic compound A shown in figure 9. Values are in 275 

at.%. 276 

 277 

 Al Si Mg Fe 
A 73.1 16.6 2.7 7.6 

 278 

The three types of intermetallic compounds that are observed for the as-cast E3 alloy, are also 279 

observed in the microstructure of the E3 after 5 h SHT at 813 K: continuous intermetallic compounds 280 

(A in figure 10a), plate-like intermetallic compound characterized by a length approximately ranging 281 

from 5 to 15 μm (B in figure 10a) and complex shaped particles (C in figure 10b). Intermetallic 282 

compound A is the only one with significant content of Er and Mg and low content of Fe, as shown 283 

in the EDXS analyses in table 6. On the other hand, the other two types of intermetallic compounds 284 

exhibit different Fe/Er wt.% ratios: ~ 1.2 for intermetallic compound B and ~ 4.2 for intermetallic 285 

compound C.  286 
 287 

 288 
 289 
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Figure 10: SEM-BSE (backscattered electron) micrographs of deep etched specimen showing the 290 

morphology of the different types of intermetallic compounds present in E3 alloy after 5 h SHT at 291 

813 K. a) shows plate-like and blocky-shaped intermetallic compounds, b) shows complex-shaped 292 

particles. 293 

 294 

Table 6: Results of EDXS point analyses for the intermetallic compounds shown in figure 10. Values 295 

are in at.%. 296 

 297 

 Al Si Mg Fe Er 
A 61.4 30.4 3.2 0.3 4.7 
B 46.7 29.8 0.7 12.3 10.5 
C 60.4 24.7 0.6 11.5 2.8 

 298 

The different types of intermetallic compounds found in the as-cast EZ35 alloy are also observed 299 

after 5 h SHT at 813 K, figure 11. One type of intermetallic compound is observed in the center of 300 

the dendrites (highlighted with A in figure 11a). In this region smaller particles are also observed at 301 

the interface between the intermetallic compound and the α-Al matrix, B. The other types of 302 

intermetallic compounds are located in the interdendritic region (C, D and E in figure 11b). The 303 

addition of Zr does not induce notable modifications in the morphology of the intermetallic 304 

compounds present in the interdendritic regions of EZ35 alloy. Slight variations of their chemical 305 

composition are observed, though, as reported in table 7. 306 
 307 

 308 
 309 

Figure 11: SEM-BSE (backscattered electron) micrographs of deep etched specimen showing the 310 

morphology of the different types of intermetallic compounds in EZ35 after 5 h SHT at 813 K. a) 311 

shows intermetallic compounds in the central region of dendrites, b) representative particles in 312 

eutectic regions. 313 

The area fraction of intermetallic compounds for the investigated alloys after 5 h SHT at 813 K is 314 

shown in table 8. 315 

 316 

Table 7: Results of EDXS point analyses for the intermetallic compounds shown in figure 11. Values 317 
are in at.%. 318 

 319 

 Al Si Mg Fe Ti Er Zr 
A 67.4 10.2 0.6 0.6 12.5 0.8 7.9 
B 78.5 10.6 0.6 0.3 0.2 9.3 0.5 
C 33.5 47.1 1.1 8.8 0.2 7.0 2.3 
D 24.1 60.3 0.3 11.1 - 2.0 2.2 
E 65.9 17.8 5.8 0.1 - 8.4 2.0 

 320 
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Table 8: Area fraction (%) of intermetallic compounds found in the investigated alloys after 5 h SHT. 321 

Values for EZ35 include intermetallic compounds in the inner regions of dendrites (which account 322 

for 0.19%). 323 

 324 

 A356 E3 EZ35 
Area fraction of intermetallic compounds 0.3 ± 0.1 0.6 ± 0.1 1.1 ± 0.2 

 325 

4 Discussion 326 

 327 

4.1 As cast microstructure 328 

 329 

The as-cast microstructure of the A356 alloy was modified with the additions of Er and Zr. Notable 330 

differences in the dendritic morphology are observed. The EZ35 alloy exhibited the most pronounced 331 

microstructure change. While the A356 and the E3 exhibited a typical elongated dendritic 332 

morphology, globular grains are observed for the EZ35 alloy. The inoculation effect of (Al, Si)3(Zr, 333 

Ti) pro-peritectic intermetallic compounds that were formed during solidification in the EZ35 alloy 334 

is attributed as the reason for the refined globular microstructure of EZ35 alloy [28]. The grain size 335 

was refined with addition of 0.59 wt.% Zr to the Al-Si-Mg system, figure 2. The grain size decreases 336 

from an average value of 1462 µm for alloy A356 to 383 µm for EZ35.The grain nucleation efficacy 337 

of Zr-containing particles is maximized by the low concentration of B in the EZ35 alloy, table 1. In 338 

presence of B and Ti, inoculation occurs due to TiB2 particles which, as demonstrated recently by 339 

HRTEM investigations, are decorated by a layer of Al3Ti [30, 31]. Zr additions prevent the formation 340 

of the Al3Ti layer, inducing the precipitation of a ZrB2 monolayer. This causes a lattice parameter 341 

expansion of the boride and a consequent reduction in its nucleation effectiveness [30, 35]. The low 342 

amount of B present in the investigated alloys is not sufficient to promote the precipitation of TiB2 343 

particles (an effective inoculation due to B-containing particles is achieved for a B concentration of 344 

~200 ppm [33]), minimizing the poisoning action of Zr.  345 

It is reasonable that (Al, Si)3(Zr, Ti) particles are the same phase as (Al, Si)3Zr, since Ti concentration 346 

is only slightly higher compared to its maximum solubility in Al at the peritectic temperature (0.1 347 

wt.% at 937 K, as reported in [34]) and undergo partial substitution of Zr atoms with Ti atoms.  348 

No literature is available regarding the lattice parameter of (Al, Si)3(Zr, Ti), which plays the major 349 

role as effective inoculant. Nevertheless, investigations about (Al, Si)3Ti and Al3(Ti, Zr) particles 350 

show that Si and Ti substitutions slightly reduce the lattice parameter of Al3Ti and Al3Zr, respectively 351 

[35, 36], potentially indicating an improved inoculation efficacy for (Al, Si)3(Zr, Ti). Further 352 

investigations are required to confirm this hypothesis.  353 

The morphology of eutectic Si was also notably modified with additions of Er and Zr to A356 alloy. 354 

The eutectic Si exhibited an elongated plate shape for the A356 alloy, while nearly spherical particles 355 

are observed for the modified alloys (figures 1d), 1e) and 1f)). This finding is in agreement with the 356 

literature [27, 28]. The SEM micrographs of deep etched as-cast alloys (figure 3) allow qualitative 357 

characterization of the morphology of eutectic Si. The typical plate-like morphology observed in Al-358 

Si-Mg cast alloys [24, 37, 38] is also observed for the A356 alloy, figures 3a) and d). In this case, 359 

eutectic Si grows in a strongly anisotropic manner, preferably along <211> crystallographic 360 

directions [25, 37, 39]. The growth rate, on the other hand, is found to be minimum along the direction 361 

perpendicular to the (111) plane [25, 37, 39], leading to the plate-like appearance observed in figures 362 

3a) and d). A schematic representation of the Si growth is shown in figure 12. Step growth fronts are 363 

also observed in the SEM micrographs and highlighted by dashed lines in the insert of figure 3d). A 364 

more comprehensive discussion about Si growth in unmodified Al-Si alloys is out of the scope of the 365 

present paper, but can be found in the literature [25, 37, 39]. 366 

 367 



13 
 

 368 

 369 

Figure 12: Schematic representation of the growth of eutectic Si in unmodified Al-Si cast alloys. 370 

 371 

The E3 and EZ35 alloys exhibit a coral-like eutectic Si, typical of alloys in which modifying elements 372 

such as Sr, Na, Yb and Eu are added [25, 26, 39, 40] or when fast cooling during solidification is 373 

achieved [41]. The casting parameters were kept constant for the production of the investigated alloys. 374 

No differences between the eutectic Si of E3 and EZ35 are observed. Therefore, the addition or Er to 375 

the Al-Si-Mg system modified the morphology of the eutectic Si. Moreover, Zr does not play any 376 

role on the modification of the morphology of eutectic Si. The inserts in figures 3e) and 3f) show the 377 

presence of Er-containing particles in the vicinity of eutectic Si, similarly to what was found for Al 378 

alloys containing Yb and Eu [26, 40]. These particles are formed by solute entrapment of the 379 

modifying element during eutectic solidification [40]. 380 

Two typical intermetallic compounds are observed in Al-Si-Mg cast alloys: π-Chinese script and 381 

Mg2Si particles. The very limited concentration of Fe in the alloys is not sufficient to promote 382 

significant formation of β (Al5FeSi) plates, which are not observed in the microstructure of the alloy, 383 

in agreement with the literature [10]. 384 

The phase identification for the Al-Si-Mg alloys containing Er and Zr is rather complex because of 385 

the absence of a complete phase diagram for the investigated systems. Nevertheless, similarities can 386 

be found between the types of intermetallic compounds found in the as-cast E3 and the EZ35 alloys, 387 

with a slight Zr enrichment for those found in the EZ35 alloy. 388 

  389 

4.2 Microstructural evolution during SHT 390 

 391 

Plate-like microstructural constituents can undergo several morphological changes when exposed to 392 

high temperatures, namely direct cylinderization, boundary splitting and edge spheroidization [17]. 393 

Among these phenomena, the typical ones for high aspect ratio plates play the most important role in 394 

the modification of the plate-like eutectic Si:  395 

 396 

i) boundary splitting: it induces the formation of grooves on longitudinal defects by surface diffusion 397 

of atoms away from the forming groove and, finally, leads to the plate breaking into cylinders;  398 

ii) edge spheroidization: it is triggered by the formation of ridges at the 399 

plate terminations, due to surface diffusion of atoms away from the plate border. The formed ridges 400 

Si thickening direction  
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are not stable at high temperature, because of their finite radius of curvature [42], resulting in ridges 401 

breaking and formation of small spheroids at the periphery of Si plates. This mechanism is 402 

particularly relevant for plates with relatively lower aspect ratio. 403 

Morphological modifications are observed in the eutectic Si of the investigated alloys after 5 min 404 

SHT at 813 K. For the A356 alloy, the Si plates exhibit shape instability. The two instability 405 

mechanisms described above are concurrently acting: boundary splitting, highlighted by arrows in 406 

figure 3a) and edge recession with consequent formation of ridges, indicated by the arrows in figure 407 

3d). For the E3 and EZ35 alloys, similar phenomena are observed in locally non-modified Si particles 408 

(figures 3b) and 3d) for E3, and figures 3c) and 3f) for EZ35). 409 

The eutectic Si in as-cast A356 alloy is characterized by high aspect ratio and by the presence of 410 

internal defects (e.g. twins and step edges highlighted by dashed lines in the insert of figure 3d). These 411 

features facilitate boundary splitting, which is found to be the dominant instability mechanism for 412 

this alloy (figure 6a) and 7a)).  413 

The formula shown in equation 2 is used to model the time needed for breakage of the plates of 414 

eutectic Si to be completed [18]. 415 

 416 

� =  
0.0335����

(1 − sin �)�����Ω
 417 

 418 

Where t is the eutectic Si plate thickness, k is the Boltzmann’s constant, T is the absolute temperature 419 

at which the process occurs, c0 is the equilibrium solubility of the plate component in the matrix phase 420 

(in at.%), D is the diffusion coefficient of the plate component in the matrix, Ω is the atomic volume 421 

of the plate component, φ is half of the dihedral angle at the boundary juncture and γs is the surface 422 

energy of the Si-matrix interface (figure 13). The values used for the mentioned parameters are 423 

reported in table 9.  424 

 425 

 426 

 427 

Figure 13: a) schematic representation of a boundary grooving, b) schematic vectorial representation 428 

of the surface energies at a triple point. 429 

 430 

Table 9: Values of the parameters used for the calculation of the breaking time for the eutectic Si 431 

plate in the A356 alloy. 432 

 433 

Quantity Meaning Value Source 
t Si plate thickness 2.5 10-6 m This work 
k Boltzmann’s constant 1.38 10-23 J/K  
T SHT temperature 813 K This work 

Al 

Si Si 

Boundary 

γs 

γb 

γs 

2φ 

�� = 2�� cos � 

a) b) 

Si Si 

Al 

2) 



15 
 

φ Half dihedral angle at the defect juncture 129.5 ° [43] 

D 
Si diffusion coefficient in Al at the SHT 

temperature 
3.99 10-13 m2/s [44] 

Ω Si atomic volume 5.74 10-30 m3  

c0 
Si concentration in Al at the SHT 

temperature 
1.2 at.% [45] 

γs Surface energy at the Si-Al interface 1 J/m2 [19] 
 434 
The calculated time for breakage of the eutectic Si plates (τ) is 154 min for the A356 alloy. The deep 435 

etched A356 specimens subjected to 2 h SHT at 813 K shows that plate breaking by boundary splitting 436 

is completed after 2 h SHT, figure 5a). 437 

2 h SHT was also performed for the modified alloys and the results are shown in figure 6b) and 6c) 438 

for alloy E3 and alloy EZ35, respectively. Surface perturbation and partial fragmentation of eutectic 439 

Si for E3 and EZ35 alloys is achieved after the 2 h SHT and it is visible when figures 3 and 5 are 440 

compared to figure 6.  441 

The fragmentation process of eutectic Si in modified alloys can be described as a consequence of the 442 

intrinsic thermodynamic instability of thin cylinders with respect to longitudinal variations of their 443 

radius and is termed Plateau-Rayleigh instability [42]. Perturbations present at the Si surface are 444 

amplified by surface diffusion of atoms from regions with higher surface energy (concave regions) 445 

to regions with lower surface energy (convex regions), finally leading to the rupture of coral branches. 446 

A schematic representation of the mechanism underlying Si branches fragmentation process, together 447 

with the most important geometric parameters for the process modelling, is shown in figure 14.  448 

 449 

 450 

Figure 14: Schematic representation of the perturbation evolution in eutectic Si during SHT by 451 

surface diffusion of Si atoms. rcyl represents the radius of the unperturbed Si and λ the perturbation 452 

wavelength. 453 

 454 

The perturbations descending from Rayleigh instability can propagate only if a critical perturbation 455 

wavelength, λcrit, is reached. This critical perturbation can be correlated to the radius of the 456 

unperturbed cylinder according to equation 3 [17]:  457 

 458 

����� = 2�√2���� 459 

 460 

Where rcyl is the unperturbed cylinder radius [19]. Using the values shown in table 5 for rcyl equation 461 

3 yields a λcrit value of 15.55 µm for E3 and 10.22 µm for EZ35. Approximating the perturbed rods 462 

and the fragmented particles as perfect cylinders and spheres and assuming that the volume is 463 

conserved during the fragmentation process, the radius of the fragmented spherical particles is 464 

calculated to be 3.3 µm and 2.16 µm for E3 and EZ35, respectively.  465 

Fragmentation kinetics of eutectic Si in a Sr-modified A356 alloy was modelled in literature by 466 

applying the Johnson-Mehl-Avrami-Kolmogorov (JMAK) equation, described in equation 4: 467 

 468 

rcyl Si 

Al 

λ 

3) 
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����� = 1 − ����−�������� 469 

 470 

Where kfrag and n are the fragmentation kinetic parameter and the time exponent, considered as 1.73 471 

10-3 s-1 and 1, respectively, for a Sr-modified A356 subjected to a SHT at 813 K [46].  472 

Longer SHT times cause coarsening of the fragmented eutectic Si particles. Assuming a volume-473 

controlled coarsening process, the temporal evolution of the eutectic Si radius can be described using 474 

equation 5: 475 

 476 
��

��
=

������

��
 477 

 478 

Where r is the instantaneous radius of the spherical eutectic Si particle, t is the coarsening time and 479 

kcoars is a rate constant, that is considered as 7.86 10-5 s-1, calculated for a Sr-modified A356 alloy 480 

subjected to SHT at 813 K [46].  481 

Modelling the coarsening process requires the definition of an initial radius for the Si spheres (r0) and 482 

an initial coarsening time (t0, defined as the time when r = r0).  483 

A reasonable value for time at the beginning of the coarsening (t0) is considered as the time for half 484 

of the total volume of eutectic Si to be fragmented (i.e. ffrag = 0.5) [46]. Using equation 4 a value of 485 

400.6 s is obtained for t0.  486 

r0 can be considered as the radius of Si particles immediately after fragmentation, which can be 487 

obtained using the thermodynamic considerations on Rayleigh instability (3.3 µm and 2.16 µm for 488 

the E3 and EZ35, respectively).  489 

Integrating equation 5 and using the abovementioned initial conditions, equation 5 yields a diameter 490 

of Si particles after 5 h SHT at 813 K of 6.68 µm for the E3 alloy and 4.84 µm for the EZ35 alloy.  491 

The calculated diameters are higher compared to the experimentally measured (4.5 and 4.0 for E3 492 

and EZ35, respectively), figure 8. The addition of Er and Zr to the A356 alloy modified the 493 

fragmentation and the coarsening kinetics of the eutectic Si, reducing the velocity of the involved 494 

phenomena. Further investigation is required to explain the discrepancies between the experimental 495 

and modelled values. 496 

The quantitative analyses of the spheroidization of eutectic Si in alloy A356 is shown in figure 8 and 497 

5 h SHT at 813 K is not sufficient to promote complete spheroidization, since the aspect ratio of the 498 

eutectic Si particles is approximately 4.2. On the other hand, the average aspect ratio of eutectic Si in 499 

the E3 and EZ35 alloys barely varies with the holding time at time and it is close to unity, indicating 500 

that shorter SHT at 813 K time is sufficient to promote an almost complete eutectic spheroidization 501 

for the modified alloys.  502 

The intermetallic compounds present after SHT at 813 K in the three alloys are reported in figures 9, 503 

10 and 11 for A356, E3 and EZ35, respectively. Mg2Si particles, found in the as-cast state for A356, 504 

are completely dissolved during SHT, confirming literature findings [10]. SEM micrographs shown 505 

in figure 9, coupled with the relevant EDXS analyses, suggest that π intermetallic compounds do not 506 

dissolve completely during SHT, but rather undergo a compositional change, with a reduction in Mg 507 

content and a concurrent relative increase of Fe. This can be observed by the comparison of table 3 508 

and table 5. The SHT at 813 K induces the formation of fine Fe-rich particles for the A356 alloy, 509 

shown in figure 9 and similar to those reported in literature [10].  510 

The types of intermetallic compounds found in the as-cast E3 and EZ35 alloys are not dissolved 511 

during SHT at 813 K. Nevertheless, differences in the chemical composition of the intermetallic 512 

compounds are found for the different holding times. Mg-rich particles undergo selective dissolution. 513 

A depletion of Mg is observed during SHT, as suggested by the comparison of their chemical 514 

composition before and after SHT (C in table 3 and A in table 6 for E3 and I in table 3 and E in table 515 

7 for EZ35). Similar behavior is observed for the other types of intermetallic compounds present in 516 

the modified alloys, as Mg content is lower after SHT at 813 K.  517 

5) 

4) 
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The area fraction of intermetallic compounds decreases after SHT at 813 K for the investigated alloys 518 

as a consequence of their lower fraction in equilibrium at 813 K. A notable decrease of the area 519 

fraction of intermetallic compounds is found for the A356 alloy (from 0.52% in the as-cast condition 520 

to 0.25% after 5 h SHT at 813 K). A complete dissolution of Mg2Si particles and the selective Mg 521 

migration in solid solution from π intermetallic compounds, inducing the formation of small Fe-rich 522 

particles, are observed for the A356 alloy solution heat treated at 813 K for 5 h. A decrease of 35% 523 

in area fraction of the intermetallic compounds is also observed for the E3 alloy. The lower dissolution 524 

of intermetallic compounds for the E3 in comparison to the A356 is attributed to the smaller diffusion 525 

coefficient of Er in Al in comparison to Mg in Al. The calculated diffusion coefficient of Er in Al is 526 

4.71x10-17 m2/s, while Mg in Al is 5.17 x10-13 m2/s at 813 K [48, 49]. In this way, lower dissolution 527 

kinetics is expected for intermetallic compounds containing Er compared to intermetallic compounds 528 

containing only Mg. Moreover, the lower solid-state solubility of Er with respect to Mg in Al at 813 529 

K prevents the dissolution of the intermetallic compound containing Er [47], contributing to lower 530 

dissolution of the intermetallic compounds for the E3 in comparison to A356. The area fraction of 531 

intermetallic compounds in EZ35 is nearly constant for the investigated holding times for SHT at 813 532 

K. The low diffusivity of the alloying elements in Al, as well as the low solubility in Al at the solid 533 

state explain the negligible dissolution of intermetallic compounds during SHT for EZ35 [50]. The 534 

calculated diffusion coefficient of Zr in Al at 813 K is 2.06x10-17 m2/s [51], while the diffusion 535 

coefficient for Mg, Si and Fe are 5.17 x10-13, 5.17 x10-13 and 6.14 x10-15 m2/s respectively [48, 52, 536 

53]. 537 

 538 

5. Conclusions: 539 

 540 

From the experimental work presented in this paper the following conclusions are made: 541 

1. Coarse and elongated dendritic structures are observed for A356 and E3, while fine and 542 

globular α-Al dendrites are observed for EZ35. 543 

2. Plate-like eutectic Si is found in the microstructure of as-cast A356, while a coral-like shape 544 

of the eutectic Si is found in the microstructure of the modified alloys. 545 

3. π-Al8Mg3FeSi6 and -Mg2Si intermetallic compounds were observed in the as-cast 546 

microstructure of A356. A negligible amount of -Al5FeSi is observed. 547 

4. Several families of intermetallic compounds were found in the as-cast microstructure of as-548 

cast E3 and EZ35 alloys, both in eutectic regions and in the central part of the dendrites. For 549 

E3 alloy blocky shaped Mg-rich particles, plate-like intermetallic compounds with low Fe/Er 550 

ratio and complex-shaped phases with high Fe/Er ratio are found; additions of Zr slightly 551 

modify the chemical composition of the abovementioned intermetallic compounds and induce 552 

the formation of Zr-rich phases in the central regions of Al dendrites. 553 

5. Morphological evolution of eutectic Si during SHT for A356 alloy can be described by 554 

boundary splitting, with an average breaking time for Si plates of 2 h. 555 

6. The breakage of the cylindrical eutectic Si during SHT in modified alloys is attributed to 556 

Rayleigh instability.  557 

7. SHT at 813 K promotes partial dissolution and modification of the morphology of 558 

intermetallic compounds in A356 alloy. 559 

8. Intermetallic compounds in modified alloys are only slightly affected by SHT, both in 560 

morphology and chemical composition. 561 

 562 
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