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Abstract: The present paper aims to investigate the feasibility of bulk 
processing of Al-Si alloys under different processing temperatures. Three 
different compositions of Al-Si alloys (namely A356, Al-11Si-2.5Cu-0.6Fe, 
and Al-18Si-2.5Cu-0.6Fe) have been forged between flat die platen at 300 and 
500ºC processing temperatures. High-speed forging was performed with the 
help of power hammer. The results obtained are discussed critically to illustrate 
the interaction of various processing parameters associated with the processing 
of the alloys. The results reveal severe crack generation on the outer periphery 
of forged billets, while it reduced with low amount of silicon in the alloy. 
During processing, microstructural refinement and improvement in the 
mechanical properties were observed. The present work provides valuable 
insight into producing complex formed products of Al-Si alloys for extensive 
industrial applications. 
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1 Introduction 

The stringent requirements of automotive and aerospace industries have prompted the 
design of newer materials with high strength to weight ratio, low coefficient of thermal 
expansion and high wear and corrosion resistance. Because various automotive 
components are subjected to severe wear under the close contact situations. It reduces the 
power transmission, working efficiency, and catastrophic failure of the components. 
Therefore, numerous efforts have been made to produce materials with excellent wear 
resistance characteristics. These efforts comprise the variety of alloying elements, 
different production techniques, and surface treatment. Aluminium-silicon alloys are such 
material which possesses high strength-low weight, good castability, low density and 
excellent tribological properties. So, it has successfully used in making different 
automotive components and aerospace engine parts (Wang et al., 2016; Lu and Zhang, 
2017; Yang et al., 2018). Al-Si alloys have attracted the attention of many researchers 
due to its industrial significance. 

The hard silicon particles dispersed in the soft aluminium matrix, which enhanced the 
tribo-mechanical performance of the alloy. It can be increased with increase in silicon 
content in the alloy; therefore the alloys with higher silicon weight (hypereutectic) could 
be technological interest to the researchers. However, the conventional casting of Al-Si 
alloy produces a microstructure with needle-shaped eutectic silicon phase along with 
coarse primary silicon (in hypereutectic alloy) or Al dendrites (in hypoeutectic alloy). 
This characteristics adversely affect the tribo-mechanical properties (Kaya and Aker, 
2017). 

Therefore, numerous investigations have been performed to alteration of these 
microstructures by using different modifiers and/or refiners or various heat treatment 
techniques (Jigajinni et al., 2013; Shivaprasad et al., 2015). But, the components 
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produced through this technique have insufficient strength and required long heat 
treatment cycles. Secondary alloying elements such as Cu, Fe, Mg, Zn, etc. in the 
composition play an important role in determining the tribo-mechanical properties. 
Copper improves tensile strength and corrosion resistance, whereas iron strengthens the 
material by modifying the silicon phase by forming intermetallic phases (Al-Fe-Si) 
(Zheng et al., 2015; Yang et al., 2015). 

Processing of Al-Si alloy through bulk metal forming techniques such as forging 
(Murali and Yong, 2010; Cai et al., 2015), extrusion (Ke et al., 2010; Liang et al., 2016), 
rolling (Umezawa and Nagai, 1999), etc. is a convenient way to produced sound products 
with excellent mechanical properties. Bulk processing improves the tribo-mechanical 
performance of the alloy by changing the coarse microstructural features to refined 
particles. However, bulk processing of alloy is very difficult due to the presence of hard 
silicon particles as it reduces the ductility of the alloy and often produces surface cracks 
on the products (Kang et al., 1999). Therefore, the parameters such as amount of alloying 
elements, processing temperature, deformation speed, etc. play an important role in  
bulk-forming of Al-Si alloys. 

In the present work, A356, Al-11Si-2.5Cu-0.6Fe, and Al-18Si-2.5Cu-0.6Fe alloys 
have been selected to examine the feasibility of bulk processing. The solid cylindrical 
billets were deformed between flat die platen at different elevated temperatures. The 
obtained results were critically illustrated to study the interaction of processing 
parameters. In addition, present study provides valuable insight into understanding the 
bulk processing of the Al-Si alloy and thus helpful in developing intricate formed 
components with excellent tribo-mechanical properties. 

2 Experimental procedure 

To study the deformation behaviour of the Al-Si alloys during forging, the following 
experimental work has been performed. 

2.1 Materials and methods 

The casting of alloys were done with the help of electric muffle furnace. The different 
composition of Al-Si alloy was produced, by melting of high purity aluminium along 
with different weight% of silicon and copper at 730ºC in a furnace. The molten metal at 
700ºC was poured into a preheated copper mould (~200ºC), and allowed to solidify at 
room temperature. After cooling, the cast ingots were removed from the mould and 
prepare to make cast billets. An atomic emission spectrometer (FOUNDRY MASTER, 
S/N 01J0054) was used to analyse the chemical composition of the cast alloys and is 
shown in Table 1. The phases present in the cast alloys were identified using X-ray 
diffraction (XRD) analysis (Rigaku X-ray diffractometer). 
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Table 1 Chemical composition of the as-cast alloys 

Elements (Wt.%) A356 alloy Al-11Si-2.5Cu-0.6Fe alloy Al-18Si-2.5Cu-0.6Fe alloy 
Si 7.40 11.0 18.0 
Cu 2.50 2.50 2.50 
Fe 0.70 0.62 0.60 
Mg 0.05 0.04 0.60 
Zn 0.14 0.05 0.30 
Mn 0.12 0.02 0.02 
Cr 0.04 0.02 0.03 
Al Balanced Balanced Balanced 
Designation Alloy A Alloy B Alloy C 

The cylindrical shaped test samples were machined from cast ingots having dimensions 
40 × 40 mm. The test samples were heated to corresponding processing temperature in a 
furnace (approximately one hour) for chemical homogenisation prior to forging. The test 
samples were forged at 300ºC and 500ºC processing temperatures, and the solid graphite 
powder was used as lubricant. The high speed forging was performed between flat top 
and bottom die platens using pneumatic power hammer. All the test samples were forged 
up to 200 kN load at a strain rate of 20 s–1. 

2.2 Microstructural characterisations and hardness test 

For purpose of characterisation, samples were cut from the forged billets, and prepared 
for microstructural studies and hardness test using standard metallography technique. 
Keller’s reagent was used as an etchant. These investigations were conducted in a centre 
position of the test samples. The optical microscopy (ZEISS) was used for 
microstructural examinations. Hardness test of forged sample were conducted on a  
semi-automatic Vickers Microhardness Tester with 100 g indentation load and 10 sec. 
dwell time. 

3 Results and discussions 

3.1 Microstructural features of as-cast alloys 

Figure 1 shows the XRD spectrum of as-cast A356, Al-11Si-2.5Cu-0.6Fe, and  
Al-18Si-2.5Cu-0.6Fe alloys, phases of which were identified by International Centre for 
Diffraction Data (ICDD) PDF database. The results reveal that the diffraction patterns 
consist of high intensity peaks of aluminium, and silicon in all the three alloys. However, 
several low intensity peaks of intermetallic compounds Al2Cu and -Al4.5FeSi have been 
also observed in the XRD pattern of as-cast alloy. The formation of such intermetallic 
compounds during solidification was due to the presence of silicon, copper, and iron in 
the alloy. Therefore, the intermetallic compound may be either rich in silicon or copper or 
iron coexisting in the Al matrix. 
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Figure 1 XRD spectrum of the as-cast alloys, (a) alloy A (b) alloy B and (c) alloy C 

 

Optical microstructures of as-cast alloy A, alloy B, and alloy C have been presented in 
Figures 2(a), 2(b), and 2(c), respectively. 

The micrograph reveals the presence of long eutectic silicon particles in -Al matrix 
in case of alloy A as shown in Figure 2(a). The alloy B also shows the similar 
morphology as alloy A along with few primary silicon particles as shown in Figure 2(b). 
The presence of primary silicon particles in the alloy B is attributed to the faster cooling 
rate during solidification. The presence of primary Si particles along with eutectic Si and 

-Al in the alloy is due to skewed coupled zone phenomenon. The alloy C consists of 
coarse primary and eutectic silicon particle, which were non-uniformly distributed in the 
Al matrix as shown in Figure 2(c). Table 2 shows the equivalent average length of the 
different silicon phase. The above mentioned microstructural features in Al-Si alloy 
reduce the tribo-mechanical properties. Previously, similar morphology was reported in 
other Al-Si alloys (Shivaprasad et al., 2015; Jigajinni et al., 2013). 
Table 2 Microstructural characteristics of as-cast alloy 

Alloy Microstructural feature Average length (µm) 
Alloy A Eutectic Si 32.7 
Alloy B Eutectic Si 38.2 

Primary Si 53.3 
Alloy C Eutectic Si 18.2 

Primary Si 68.5 
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Figure 2 Optical microstructures of as-cast alloys, (a) alloy A (b) alloy B and (c) alloy C  
(see online version for colours) 

  

 

3.2 Forging of Al-Si alloys 

The test samples of alloy A, B, and C were forged between flat die platens at 300 and 
500ºC elevated working temperatures. Figure 3 shows the schematic diagram of forging 
of Al-Si alloy. During forging of the alloy at elevated temperature, the large axial stresses 
(compressive) acting on the billet. Due to applied axial stresses, the material flow radially 
in outward direction and produces radial flow stresses which is tensile in nature. 

Since the Al-Si alloy comprises of hard silicon particles and intermetallic phases 
which reduces the ductility of the alloy, and the material become hard. Forging at 
elevated temperature induces ductility in the alloy which results the soft Al deforms 
plastically in outward direction, while hard silicon and intermetallic particles (second 
phase) fractured and broken down during process. Also the stress concentration generate 
between second phase particles and Al matrix during forging, which results crack 
formation at the outer periphery of the test samples. Figures 4–6 exhibit the photographs 
of forged billets of alloy A, alloy B, and alloy C at 300 and 500ºC elevated working 
temperatures respectively. In all three different compositions of Al-Si alloy, the test 
samples forged at 300ºC showed less surface cracks as compared to 500ºC under same 
applied load (Figures 4–6). It attributed to the substantial softening of the alloy at higher 
working temperature. As a result, significant plastic deformation of Al matrix takes place, 
while hard second phase generates stress concentration at flowing Al matrix during 
forging. Due to this, severe surface cracks developed on the outer surface of the forged 
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billets. Figures 4–6 also revealed that severity of surface cracks increases with increase in 
silicon content in the Al-Si alloy. Since the ductility of the alloy reduces as increase 
silicon content, and material became brittle. Due to this, severe surface cracks generates 
on the finished product during forging. 

Figure 3 Schematic diagram of forging of Al-Si alloy (see online version for colours) 

 

Figure 4 Photograph of the forged alloy A billets (A356 alloy), (a) at 300ºC (b) at 500ºC  
(see online version for colours) 

 
(a)   (b) 

Figure 5 Photograph of the forged alloy B billets (Al-12Si-2.5Cu-0.6Fe alloy) (see online version 
for colours) 

 
(a)   (b) 
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Figure 6 Photograph of the forged alloy C billets (Al-18Si-2.5Cu-0.6Fe alloy) (see online version 
for colours) 

 
(a)   (b) 

3.3 Microstructural features of the forged alloys 

Figures 7–9 represent the optical microstructures of forged alloy A, alloy B, and alloy C 
as at 300 and 500ºC working temperatures respectively. Table 3 shows microstructural 
characteristics of forged Al-Si alloy. 

Figure 7 Optical micrographs of the forged alloy A billets (A356 alloy) at (a) 300ºC and  
(b) 500ºC 

 

Figure 8 Optical micrographs of the forged alloy B billets (Al-12Si-2.5Cu-0.6Fe alloy) at  
(a) 300ºC and (b) 500ºC 
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Figure 9 Optical micrographs of the forged alloy C billets (Al-18Si-2.5Cu-0.6Fe alloy) at  
(a) 300ºC and (b) 500ºC 

 

Table 3 Microstructural characteristics of forged alloys 

Alloy Microstructural feature 
Average length (µm) 

Forged at 300°C Forged at 500°C 

Alloy A Eutectic Si 4.9 12.4 
Alloy B Eutectic Si 6.5 9.6 

Primary Si 20.2 41.5 
Alloy C Eutectic Si 29.2 14.9 

Primary Si 49.5 9.3 

The results revealed the microstructural refinement in all three different material namely 
A356, Al-12Si-2.5Cu-0.6Fe, and Al-18Si-2.5Cu-0.6Fe alloy during forging at 300 and 
500ºC temperatures. The fragmentation of long eutectic particles in both alloy A and 
alloy B was observed (Figure 7 and 8). It reflects the strong refined structure after the 
reorientation. Moreover, coarse primary Si particles in alloy C was also cracked and 
broken down into the small particles during forging (Figure 9). The microstructural 
refinement during forging attributed to the precipitation of fine particle at elevated 
temperature prior to forging, whereas coarse and long particles broken down to small 
splits during forging. Such fine precipitated and split up particles were uniformly 
dispersed in the Al matrix during forging. It results strong structure of Al-Si alloy as 
shown in Figures 7–9. It was also observed that coarsening in the silicon particles 
occurred during forging at 500ºC working temperature. It attributed to the diffusion of the 
silicon atom at higher working temperature, which results increment in particle size as 
well as coarsening as shown in Figures 7(b), 8(b), and 9(b). Various authors have also 
reported the similar trend during processing of other Al-Si alloys (Ke et al., 2010; Cai  
et al., 2015). Barhoumi et al. (2015) have found coarsening of Si particles at higher 
working temperature. 
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3.4 Hardness tests 

Table 4 shows the average of the five indentation (random at different locations) of the 
microhardness values of the as-cast and forged alloy. The result reveals that hardness of 
the alloy A, alloy B, and alloy C were improved significantly on account of forging at 
elevated working temperatures. It attributes to the Hall Patch strengthening mechanism 
(Manu et al., 2017) in which hardness of the material improved due to the formation of 
strong bonding between fine second phase particles and Al matrix during forging. Also, 
dislocation immobilising due to the presence of refined second phase particles during 
forging enhances the hardness of the material. Reduction in hardness of the forged alloys 
in all compositions were observed during forging at 500ºC due to coarsening of the 
microstructures as shown in Figures 7(b), 8(b), and 9(b). The results also revealed that 
hardness of the alloy increased with increase in Si amount. Alloy C exhibits highest 
hardness as compared to two other alloys. It may due to the presence of harder Si 
particles in the Al matrix that reduces the ductility of the alloy and make it difficult to 
deformable, therefore hardness improves significantly. 
Table 4 Microhardness values of the as-cast and forged alloys 

Alloy 
Vickers microhardness (HV) 

As-cast Forged at 300ºC Forged at 500ºC 

A356 44.5 57.3 52.6 
Al-12Si-2.5Cu-0.6Fe 51.9 68.5 59.5 
Al-18Si-2.5Cu-0.6Fe 78.2 94.5 87.7 

It can be summarised that the hardness of alloy depends mainly microstructural features, 
and dislocation density generated during forging. Various authors have confirmed that 
hardness of the alloy significantly improved due to refinement in morphology and higher 
dislocation density (Jamaati et al., 2011; Manu et al., 2017). 

4 Conclusions 

The following conclusions have been drawn from the present study: 

1 The morphology of the silicon changes from eutectic to polyhedral Si particles by 
increasing the silicon weight percentage in the alloy. 

2 Forging of the Al-Si alloys between flat die platen is very difficult even at elevated 
temperature conditions, and the forged products having severe surface cracks. 

3 Morphological refinement occurred during forging process due to fragmentation of 
coarse eutectic and primary silicon particles into fine particles. 

4 Significant improvement was observed in hardness of the forged alloy as compared 
with as-cast alloy in all other different compositions. 

5 Hardness of the alloy increased with increase the silicon content. 

 



   

 

   

   
 

   

   

 

   

   44 Khemraj et al.    
 

    
 
 

   

   
 

   

   

 

   

       
 

References 
Barhoumi, H., Souissi, S., Amar, M.B. and Elhalouani, F. (2015) ‘Influence of heat treatment on 

the microstructures and mechanical properties of squeeze cast AlSi9Cu3 alloys’, International 
Journal of Microstructure and Materials Properties, Vol. 10, Nos. 5–6, pp.472–487. 

Cai, Z., Zhang, C., Wang, R., Peng, C., Qiu, K. and Feng, Y. (2015) ‘Preparation of Al-Si alloys by 
a rapid solidification and powder metallurgy route’, Materials & Design, Vol. 87, No. 1, 
pp.996–1002. 

Jamaati, R., Amirkhanlou, S., Toroghinejad, M.R. and Niroumand, B. (2011) ‘Significant 
improvement of semi-solid microstructure and mechanical properties of A356 alloy by ARB 
process’, Materials Science and Engineering: A, Vol. 528, No. 6, pp.2495–2501. 

Jigajinni, S.M., Venkateswarlu, K. and Kori, S.A. (2013) ‘Effect of a grain refiner cum modifier on 
mechanical properties of Al-7Si and Al-11Si alloys’, Metals and Materials International,  
Vol. 19, No. 2, pp.171–181. 

Kang, C.G., Choi, J.S. and Kim, K.H. (1999) ‘The effect of strain rate on macroscopic behavior in 
the compression forming of semi-solid aluminum alloy’, Journal of Materials Processing 
Technology, Vol. 88, Nos. 1–3, pp.159–168. 

Kaya, H. and Aker, A. (2017) ‘Effect of alloying elements and growth rates on microstructure and 
mechanical properties in the directionally solidified Al-Si–X alloys’, Journal of Alloys and 
Compounds, Vol. 694, No. 1, pp.145–154. 

Ke, D., Hengcheng, L., Qiumin, J. and Yun, T. (2010) ‘Effect of hot extrusion on mechanical 
properties and microstructure of near eutectic Al-12.0% Si-0.2% Mg alloy’, Materials Science 
and Engineering: A, Vol. 527, No. 26, pp.6887–6892. 

Liang, J.M., Kong, C., Quadir, M.Z., Zheng, Y.F., Yao, X., Munroe, P. and Zhang, D.L. (2016) 
‘Microstructure and mechanical properties of a bulk ultrafine grained Al-7Si-0.3 Mg alloy 
produced by thermomechanical consolidation of a nanocrystalline powder’, Materials Science 
and Engineering: A, Vol. 658, No. 1, pp.192–202. 

Lu, Z. and Zhang, L. (2017) ‘Thermodynamic description of the quaternary Al-Si-Mg-Sc system 
and its application to the design of novel Sc-additional A356 alloys’, Materials & Design, 
Vol. 116, No. 1, pp.427–437. 

Manu, K.S., Kumar, S.A., Rajan, T.P.D., Mohammed, M.R. and Pai, B.C. (2017) ‘Effect of 
alumina nanoparticle on strengthening of Al-Si alloy through dendrite refinement, interfacial 
bonding and dislocation bowing’, Journal of Alloys and Compounds, Vol. 712, No. 1,  
pp.394–405. 

Murali, S. and Yong, M.S. (2010) ‘Liquid forging of thin Al-Si structures’, Journal of Materials 
Processing Technology, Vol. 210, No. 10, pp.1276–1281. 

Shivaprasad, C.G., Aithal, K., Narendranath, S., Desai, V. and Mukunda, P.G. (2015) ‘Effect of 
combined grain refinement and modification on microstructure and mechanical properties of 
hypoeutectic, eutectic and hypereutectic Al-Si alloys’, International Journal of Microstructure 
and Materials Properties, Vol. 10, Nos. 3–4, pp.274–284. 

Umezawa, O. and Nagai, K. (1999) ‘Microstructural refinement of an As-cast Al-12.6 wt pct Si 
alloy by repeated thermomechanical treatment to produce a heavily deformable material’, 
Metallurgical and Materials Transactions A, Vol. 30, No. 8, pp.2221–2228. 

Wang, K., Wei, M., Zhang, L. and Du, Y. (2016) ‘Morphologies of primary silicon in hypereutectic 
Al-Si alloys: phase-field simulation supported by key experiments’, Metallurgical and 
Materials Transactions A, Vol. 47, No. 4, pp.1510–1516. 

Yang, H., Ji, S. and Fan, Z. (2015) ‘Effect of heat treatment and Fe content on the microstructure 
and mechanical properties of die-cast A-Si-Cu alloys’, Materials & Design, Vol. 85, No. 1, 
pp.823–832. 

 
 



   

 

   

   
 

   

   

 

   

    Deformation behaviour of A356, Al-11Si-2.5Cu-0.6Fe 45    
 

 

    
 
 

   

   
 

   

   

 

   

       
 

Yang, Y., Chen, Y., Zhang, J., Gu, X., Qin, P., Dai, N., Li, X., Kruth, J.P. and Zhang, L.C. (2018) 
‘Improved corrosion behavior of ultrafine-grained eutectic Al-12Si alloy produced by 
selective laser melting’, Materials & Design, Vol. 146, No. 1, pp.239–248. 

Zheng, Y., Xiao, W., Ge, S., Zhao, W., Hanada, S. and Ma, C. (2015) ‘Effects of Cu content and 
Cu/Mg ratio on the microstructure and mechanical properties of Al-Si-Cu-Mg alloys’, Journal 
of Alloys and Compounds, Vol. 649, No. 1, pp.291–296. 


