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Abstract 
Al-20si-5Fe ribbons were produced by melt spinning at the rotating speed of 20 

and 40m/s. The microstructure of ribbons and conventionally cast alloys were 
characterized using scanning electron microscopy (SEM) together with the energy 
dispersive spectroscopy (EDS), X-ray diffractometry (XRD) method. The 
microhardness of the ribbons and as cast ingots was also measured. SEM observations 
showed that the wheel side of the ribbons exhibited a finer microstructure than those on 
the air side which exposed to the atmosphere. The phase constitution of the 
hypereutectic Al–20Si-5Fe alloy was considerably affected by rapid solidification. XRD 
results showed that the phases present in the as cast hypereutectic Al-20Si-5Fe alloy 
were identified to be α-Al, Si and intermetallic β-Al5FeSi phases while only α-Al and Si 
were identified in the melt spun ribbons. Moreover, the values of Vickers microhardness 
of melt spun ribbons were three times as high as those of conventionally cast ingots of 
the same alloy. 
Keywords: Melt-Spinning, Al-20Si-5Fe alloy, Microstructure, Rapid Solidification, 
Microhardness 

Introduction 
Al-Si alloys have extensive applications in automotive, electrical and aerospace 

industries due to their unique properties such as excellent castability, wear resistance, 
light weight and low coefficient of thermal expansion [1-5]. There is an increasing 
demand for hypereutectic Al–Si alloys as a substitute for hypoeutectic Al–Si alloys 
because a higher volume fraction of silicon leads to excellent mechanical properties [6, 
7]. Besides, third element addition to Al–Si alloys such as iron and other transition 
elements [8-12] improves strength, wear resistance and thermal stability. That is due to 
the formation of hard iron-containing intermetallic compounds [13-16]. Nevertheless, 
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increasing the silicon content and addition of iron bring about some problems. 
Increasing silicon content above the eutectic composition, because of the formation of 
coarse primary silicon particles lead to poor mechanical properties of the Al-Si alloys. 
In the case of iron addition, formation of intermetallic compounds with acicular 
morphology can considerably deteriorate fracture toughness and ductility [17-21]. For 
these reasons, size, shape and distribution of primary silicon particles and intermetallics 
determine the mechanical properties of these alloys [22].  

Over the past few decades, a significant quantity of research has been done to 
investigate the influence of rapid solidification on the microstructure and properties of 
hypereutectic Al-Si alloys. Among various rapid solidification techniques, gas 
atomization [23], spray deposition [4, 24] and melt spinning [25] have been studied 
extensively. It is well demonstrated that rapid solidification of hypereutectic Al–Si 
alloys through high cooling rates permits the enhancement of alloy properties by 
refinement of microstructure, extension of solid solubility, uniform distribution of the 
second phases, formation of metastable crystalline alloys and supersaturated solid 
solutions [26-29]. 

In the present study, the microstructural characteristics of melt-spun Al-
20wt.%Si-5wt.%Fe alloy were characterized by examining the solidification 
morphology of the ribbons and compared with those produced under conventional 
conditions (as cast). For this purpose, scanning electron microscopy (SEM) and X-ray 
diffraction techniques were carried out on the alloy. The microhardness values of the 
ribbons and as-cast specimens were also measured. 

Materials and methods 
Al-20Si-5Fe alloy (nominal composition in wt%) was prepared by induction 

melting of commercially pure metals in a graphite crucible in air atmosphere. Molten 
alloy poured in cylindrical moulds having the diameter of 45 mm and height of 350 to 
produce conventionally cast samples. After remelting alloy in a quartz tube for an hour, 
the melt spun ribbons were produced by using a single roller type melt spinning device. 
Rapidly solidified ribbons were produced by free jet melt spinning in Argon protective 
gas by means of impinging a jet of molten metal from a nozzle having the diameter of 
700μm onto the cylindrical surface of a copper wheel (24 cm in diameter) at rotating 
speed of 20 and 40 m/s. The distance between nozzle and wheel was fixed on 2.5mm. 
The temperature before ejection was 820oC, which is approximately 100oC above the 
liquidus temperature of the materials. The thickness of ribbons was 30μm, on average. 
The microstructural examinations were performed by scanning electron microscopy 
(Tescan VEGAΙΙ XMU, Czech Republic) operated at 15 kV and linked with an Energy 
Dispersive Spectrometry (EDS) attachment. The XRD measurements were conducted in 
X-ray diffraction (XRD, Philips Xpert) using Cu Kα radiation (λ=1.5406 Å) at 2θ step of 
0.02° and scanning duration of 1 s from 10° to 80°. Using standard metallographic 
techniques followed by chemical etching in a 0.5% HF solution for about 5s, mounted 
specimens were prepared for SEM investigations. The hardness of the ribbons and as 
cast ingots measured with a Vickers diamond indenter in a microhardness tester 
(Micromet 2100, Buehler, USA) at applied load of 10 g.  
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Results 
XRD Studies  

Figure 1 illustrates the X-Ray diffraction (XRD) pattern taken from ingot Al-
20Si-5Fe alloy. The XRD pattern indicates that conventionally cast alloy is composed 
of α-Al, Si and intermetallic phase (β-Al5FeSi). This result is consistent with electron 
microscopy observations. The peaks related to intermetallic phase (β-Al5FeSi) between 
Al and Si is disappeared in Figs. 2 a, b, for the melt-sun ribbons. The absence of the 
intermetallic phase in X-ray diffraction pattern also reveals the extended solid solubility 
of the matrix. The presence of low intensity Si peaks indicates that there is still some 
undissolved Si in the aluminum matrix. However, the absence of peaks related to other 
elements may not point out to complete solution of other elements, e.g. Fe. It should be 
also considered that the detection limit by X-ray diffraction technique (XRD) is 
typically about 5 vol.%.    

 
Fig. 1. XRD pattern taken from the ingot Al-20Si-5Fe alloy. 

According to the X-ray diffraction patterns, it was resulted that at the high 
cooling rates, the aluminum matrix undergoes a supersaturation. Solid solubility 
extension of Si in the aluminum matrix and absence of intermetallic phases as a 
consequence of rapid solidification have been reported previously [8, 25, 30, 31, 32]. 
The shift in the (111) and (200) diffraction lines of Al indicated lattice parameter of 
0.40371nm and 0.40393nm for the wheel and free-side of the ribbon. By using the 
intercept method [33] a solid solubility extension of 7.3 at.% and 5.2 at.% for silicon 
was estimated. These values are close to those reported by Birol [34] but higher than 
those stated by Öveçoğlu et al. [35] which is attributed to different chemical 
compositions and cooling rates (melt-spinning conditions) used in the present work. 
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Fig.2. XRD pattern taken from melt-spun ribbons produced at a) 20m/s, b) 40m/s. 
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Microstructural investigations 
Microstructural investigations showed that the structure of melt spun ribbons was 

completely different from their conventionally cast counterparts. The microstructure of 
as cast Al-20Si-5Fe alloy is shown in Fig.3. It is obviously seen that the microstructure 
consists of coarse α-Al dendrites together with coarse blocky region of primary Si. 
Furthermore, coarse disordered intermetallic phase (β-Al5FeSi) was distinguished in the 
α-Al matrix. 

 
(3.a) 

 

(3.b) 

Fig.3. a) SEM micrograph of as-cast Al-20Si-5Fe alloy; needle like Al5FeSi phase and 
α-Al are shown by arrows. b) EDS analysis of needle like intermetallics shown in 

micrograph (a). 

The microstructure of the cross section of the melt spun ribbons is shown in Fig. 
4. The wheel side of ribbons exhibits a featureless region (A in Fig. 4). with an average 
thickness of 10μm. The solidification of this zone is diffusionless due to the highest 
cooling rate at chilling surface hence this region appears featureless after etching [36]. 
The formation of this zone is consistent with the result of Delhez et al. work [37]. As 
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the distance from wheel side increases, the cooling rate decreases and microstructure 
becomes coarser. Immediately after featureless zone, there is a transition region (B in 
Fig. 4) with a columnar structure including the columnar grains perpendicular to the 
wheel surface. This region is a transition between featureless and free (air) side. In 
general, the thickness of the columnar region decreases with increasing alloying element 
levels. Thus, in the present work, the small thickness of transition region could be 
attributed to the high level of alloying elements. Van Rooyen et al. had reported that the 
presence of second phases at grain boundaries reduces the thickness of columnar region 
[38]. Finally, at the free surface, which is in contact with atmosphere, there is a 
dendritic region (C in Fig. 4) which consists of Al-rich dendrites. Solidification rate at 
this region is slower than the second one, so the columnar grains disappear and dendritic 
structure appears as the main structure [32].  

 
Fig.4. Cross sectional micrograph of the melt-spun Al-20Si-5Fe ribbon. A) Featureless 

Region, B) Transition Region, C) Dendritic Region. 

Rapid solidification process changes the phase constitution and also has a 
striking effect on the microstructure of the Al–20Si–5Fe alloy. Figs. 5 a, b represent the 
SEM micrographs of the melt-spun Al–20Si-5Fe ribbons rapidly solidified at rotating 
speed of 20 and 40m/s. The Si particle size is reduced and their numbers increase with 
increasing solidification rate. As seen in Fig. 5a, a relative large amount of the dendrite 
Si phase and α-Al phase exists in the sample at lower rotating speed (20m/s). Moreover, 
Fig. 5a also shows some morphological details of these dendrites with the size 
approximately above the range of 3μm size. The results show that the microstructures of 
all melt-spun ribbon is completely composed of finely dispersed α-Al and dendrite Si 
phase. While in the specimen solidified at high rotating speed of 40 m/s, dendrites 
disappear and very fine homogeneous structure is revealed, as seen in Fig. 5b. 
Obviously, a higher solidification rate leads to smaller grain size and increase in 
particles number. It indicates that the high solidification rate of melt spinning process 
effectively improves the composition homogeneity of the alloy. Furthermore, SEM 
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results indicated that the microstructure of melt spun alloy formed at the relative lower 
rotating speed (20m/s) was of dendrite structure and for the alloy formed at a relative 
higher rotating speed (40m/s) was of very homogeneous structure, and both had a more 
uniform composition than their conventionally cast counterparts. 

 
a) 

 
b) 

Fig.5. SEM micrograph of melt-spun Al-20Si-5Fe ribbons produced at a) 20m/s and 
b) 40m/s. 
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Effect of cooling rate on the thickness of ribbons 
The thickness of achieved ribbons was 40 to 80μm and 15 to 35μm, for the 

rotating speeds of 20 and 40m/s, respectively. It can be presumed that in the melt 
spinning process, the thickness of the obtained ribbons is indicative of the average 
cooling rate, provided that the experimental conditions are reasonably constant. The 
thickness of ribbons is directly proportional to the rate at which the ribbon cooled. A 
fast cooling rate (i.e. a higher disk rotation) will result in a thinner ribbon formation 
[39]. 

Microhardness  
The microhardness (Hv) of the directionally solidified materials also depends on 

the solidification parameters, such as cooling rate. In the present work, the 
microhardness of conventionally cast ingot and rapidly solidified ribbons were 
calculated by Vickers microhardness measurements. The applied load to determine the 
hardness was 10 g, as performed on previous works [9, 39, 40]. On the longitudinal 
section of each ribbon, 7 measurements were performed. The comparison of Vickers 
microhardness values of ribbons and ingot is shown in Fig.6. It indicates that the 
hardness of the melt-spun ribbons produced at the rotating speeds of 20 and 40m/s is 
approximately 3 and 4 times higher than those of original ingot alloy, respectively. The 
particle size of rapidly solidified ribbons is much smaller in compared with the particle 
size of those cast under conventional condition as mentioned before. Hence, increase in 
hardness values  for melt spun alloys compared with their as cast counterparts  can be 
attributed to supersaturated solid solution of α-Al, grain refinement and changes in 
microstructure occurred during the melt spinning process. The atomic radius difference 
between five elements in solid solution creates a strain field, which interacts with 
dislocations. The solid solution strengthening mechanism is also supported by the XRD 
analyses and SEM observations. 
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Fig.6. Microhardness as a function of thickness of ribbons. 
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Conclusions 
According to the present work, the results can be summarized as follow: 
 
The microstructure of as melt spun state exhibited enhanced properties compared 

to the as-cast structure of this alloy, including homogeneity and grain refinement. 
Extension of solid solubility of Si in the Al matrix was observed. 
SEM images showed that the microstructure of rapidly solidified ribbons only 

consisted of α-Al and Si phases and no intermetallic phases was revealed due to 
extension of solid solubility and high cooling rates. 

The microstructure of the melt-spun ribbons exhibited a featureless zone caused 
by high cooling rate and a dendritic zone in the air-side due to the lower cooling rates. 

The increase in cooling rate led to the increase in microhardness, so that it was 3 
to 4 times higher than those conventionally cast ingots. 
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