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Abstract - Aluminum and its alloys have been a successful metal material used for many applications like commodity roles, 
automotive and vital structural components in aircrafts. A substantial portion of Al-Fe-Si-Mn alloy is also used for 
manufacturing the packaging foils and sheets for common heat exchanger applications. The present research was aimed at 
studying the morphology and distribution of the iron-containing intermetallics in the Al-Fe-Si-Mn alloy. These Fe-
intermetallic compounds influence the material properties during rapid cooling by laser alloying technique and play a crucial 
role for the material quality. Thus, it is of considerable technological interest to control the morphology and distribution of 

these phases in order to eliminate the negative effects on the microstructure. A 3 kW continuous wave ytterbium laser 
system (YLS) attached to a KUKA robot which controls the movement of the alloying process was utilized for the 
fabrication of the coatings at optimum laser parameters. The fabricated coatings were investigated for its hardness and 
corrosion properties. The field emission scanning electron microscope equipped with energy dispersive spectroscopy 
(SEM/EDS) were used to study the morphology of the fabricated coatings and X-ray diffractometer (XRD) for the 
identification of the phases present in the coatings. The coatings were free of cracks and pores with homogeneous and 
refined microstructures. The enhanced hardness performance was attributed to metastable intermetallic compounds. 
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I. INTRODUCTION 

 

Conventional aluminum alloys are broadly used for 

good mechanical properties and moderately light 

weight. Enhancing these properties could be made by 

alloying aluminum with various elements such as 

silicon, which is reasonable choice in terms of 

sustaining light weight properties [1]. Producing Al-

Si alloy with higher silicon content cannot be 
achieved by conventional metallurgy. Even by rapid 

quenching, only up to few weight percent of Si 

content has been attained in binary Al-Si alloys. It 

was found that increasing content of dissolved silicon 

is possible by adding other alloying components [1]. 

The combination of aluminium with iron and silicon 

will always form brittle intermetallic phases that are 

harmful to mechanical properties of the aluminium 

alloy. [2] There are different shapes obtained by the 

intermetallic phases, and it is generally acknowledged 

that plate (β) shapes are most unfavorable to 

mechanical properties such as fracture toughness and 
tensile elongation. [3]. FeAl-based alloys, on the 

other hand, are highly interesting for the development 

of new light-weight structural materials and show 

excellent corrosion resistance, but suffer from lack of 

strength at high temperatures [4]. 

 

For decades, ternary Al–Si–Fe system has been 

extensively investigated. The task of improving the 

properties of iron-containing aluminum materials has 

attracted much attention [5]. Iron which precipitates 

easily as β-Al5FeSi phase is one of the most involved 
impurities in Al–Si alloys, [6]. However, a needlelike 

morphology is exhibited by β-Al5FeSi, resulting in 

the impairment of mechanical properties of Al–Si–Fe 

alloys [7] due to the brittle features and stress 

concentration caused by the needle-like morphology. 

In order to lessen the shortcoming of β-Al5FeSi, 

changing the morphology of this phase has been the 

focus of several researches. Adding neutralizing 

elements like Mn, Be, V or Cr is a usually applied 

method, among which Mn element is the most 
efficient [8]. When the total amount of Fe, Mn and Si 

is less than 18 wt.%, the primary phase 

Al15(Fe,Mn)3Si2 which is usually marked as α-

Al(Fe,Mn)Si is formed [9]. A body centered cubic 

structure is exhibited by the α-Al(Fe,Mn)Si  which is 

the preferred morphology [10]. The addition of 

manganese expands the thermodynamic stability 

region of the α-AlFeSi phase, even at high iron 

contents [11]. 

 

II. EXPERIMENTAL DETAILS 

 

2.1. Materials Specifications and Sample 

Preparation Method 

The substrate material used in the present 

investigation was SAE-AISI 1010 steel with the 

chemical composition (wt%) 0.42Mn, 0.035S, 

0.023P, 0.13C and Balanced Fe. The XRD spectrum 

of the steel is shown in Figure 1. The substrate was 

cut, and machined into dimensions 70 x 70 x 4 mm3. 

Prior to laser treatment, the substrates were 

sandblasted, washed, rinsed in water, cleaned with 

acetone and dried at room temperature before 
exposure to laser beam to minimize reflection of 
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radiation during laser processing and enhance the 

absorption of the laser beam radiation. Al (99.9% 
purity), Fe (99.97% purity), Si (99.9% purity), Mn 

(99.9% purity), reinforcement metallic powders were 

used as alloying powders mixed in 79:17:3:1 (A1), 

76:17:5:2 (A2), and 73:17:7:3 (A3) ratios, 

respectively, in a shaker mixer (Turbular T2F; Glenn 

Mills, Inc.) for 18 hours at a speed of 49 rpm to 

obtain homogeneous mixture. The particle shape of 

the powder used was spherical with 50-105 µm 

particle sizes. Samples were characterized for SEM 

and energy dispersive spectroscopy (EDS) analysis. 

Specimens for SEM (JSM-7600F; JOEL, Ltd) were 

prepared by cutting samples in such a way to reveal 
the transverse section of the coatings. Microhardness 

tests were conducted using Vickers microhardness 

Tester. A load of 100 gf was applied at a dwell time 

of 15 s to create each indent. Indentations were made 

at a distance of 0.3mm apart from the top of the clad 

cross section down into the substrate. The samples 

average hardness was recorded. 

 

Laser surface alloying was performed using a 3-kW 

continuous wave (CW) Ytterbium Laser System 

(YLS) controlled by a KUKA robot which controls 
the movement of the nozzle head and emitting a 

Gaussian beam at 1064 nm. The nozzle was fixed at 4 

mm from the steel substrate. The admixed powders 

were fed coaxially by employing a commercial 

powder feeder instrument equipped with a flow 

balance to control the powder feed rate. The metallic 

powder was fed through the off-axes nozzle fitted 

onto the Ytterbium fibre laser and it was injected 

simultaneously into a melt pool formed during 

scanning of the SAE-AISI 1010 steel by the laser 

beam. An argon gas flowing at a rate of 3.0 L/min 

was used as a shielding gas to prevent oxidation of 
the sample during laser surface alloying. Overlapping 

tracks were obtained by overlapping of melt tracks at 

70%. 

 

To determine the best processing parameters, 

optimization tests were performed with the laser 

power of 800 to 1000 W and scanning speed varied 

from 0.8 to 1.2 m/min. The final selection criteria 

during optimization tests was based on surface having 
homogeneous layer free of porosity and cracks 

determined from SEM analysis. The optimum laser 

parameters used was 900 W power, a beam diameter 

of 4 mm, gas flow rate of 3.0 L/min, powder flow rate 

of 2.0 g/min and scanning speeds of 1.0 m/min and 

1.2 m/min respectively. 

 

X-ray diffraction analyses were carried out utilizing 

the X’Pert Pro model diffractometer to identify the 

phases present on the resulted alloyed layer. A Cu Kα 

radiation fitted on the X’Pert Pro diffractometer set at 

40kV and 20mA was used to scan in a range between 
10o and 80o two theta (2θ) with a step size of 0.02o 

degrees.  

 

 
Figure 1: XRD spectrum of SAE-AISI 1010 steel 

 

III. RESULTS AND DISCUSSION 

 

3.1. Microstructural Analysis 

Figure 2 shows the physical appearance of the 

deposits on the substrate after LMD of the 
reinforcement powders. The height and width of the 

layers varies with scanning speeds. At a low scanning 

speed, the width appears to be wider and but 

decreases with increasing scanning speeds as also 

reported by Sobiyi et al [12]. 

Sample Scanning speed (m/min) Width of Deposit (mm) 
Height of Deposit 

(mm) 

Al-17Si-3Fe-1Mn 
1.0 1.318 0.228 

1.2 1.252 0.172 

Al-17Si-5Fe-2Mn 
1.0 1.297 0.209 

1.2 1.189 0.146 

Al-17Si-7Fe-3Mn 
1.0 1.444 0.224 

1.2 1.232 0.117 

Table 1: Dimensions of deposited Al-Si-Fe-Mn Coating track 
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The observed surface roughness at lower scanning 

speed appears higher compared to the surface 
roughness at higher scanning speeds. This is due to 

more melted powders on the substrate. The 

microstructure was free from crack and 

homogeneous. It can be seen from the graph that the 

deposition height tends to decrease when the 
scanning speed was increased, this is as a result of 

less powder being delivered as the deposition time 

decreases.  

 
Figure 2: Variation of Height and Width of Deposition with Scanning Speed and Al-Fe-Si-Mn Compositions. 

 

Also, the time for the laser material interaction 

decreases as the scanning speed increases. The 

deposition track width was seen to decrease as the 

scanning speed was increased this is because the 

dilution rate which is proportional to the track width 

is reduced with an increased in the scanning speed. 

The scanning height was also found to decrease as the 

scanning speed was increasing. This was as a result of 

the reducing powder mass that was delivered into the 

melt pool as a result of reducing laser material 

interaction time as reported by Mahamood et al. [13]. 

Understanding of the influence of scanning speed on 
the resulting microstructure of materials is needed 

during the laser metal deposition process. Low 

scanning speed promote the formation of large melt 

pool because of high laser metal interaction time. 

Larger melt pool on the other hand makes the 

solidification rate to be slower which promotes the 

formation of certain kind of microstructure that 

impact the evolving properties of the deposited 

material. The quantity of powder delivered at higher 

laser power is smaller as a result of little time 

available at higher scanning speed. Thus, the 
unmelted powder particles initially travel through the 

laser beam before landing in the melt zone. This 

causes powder to melt before reaching its melt-pool; 

but it reduces some of the laser power, which means 

less power is available to melt the substrate [13]. Due 

to less power being available to the substrate, a 

narrower melt pool is created meaning that naturally 

the width of the clad would also be narrower. The 

macrostructures shown in Figure 7 show that the 

deposits are sound and the columnar prior beta grains 

are seen in all the samples with no visible pours. To 

further confirm the metallurgical integrity of the 

deposits, the microstructures shown in Figure 3 

further confirm there is no porosity and all the 
deposits are of good metallurgical bonding. The 

below equation shows the relationship between 

Specific energy and scanning speed.                                                 

SS

S
S

VD

P
E                                                                             

(1) 

SP = Laser power   SE =Energy density  SD = Beam 

spot diameter  SV = Laser scan speed 

Specific energy is directly proportional to the height 

of deposited layer but has little effect on the width.  

 
Figure 3: SEM images of Al-17Si-7Fe-3Mn Coatings at 1.2 m/min (a) cross-sectional view  x 500 (b) coating x 500 
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Most Al-Si alloys always have a near-eutectic 

composition since it reduces the melting point. 
Addition of a small quantity of quaternary elements 

like Fe and Mn causes modification of the 

microstructure. The addition of manganese expands 

the thermodynamic stability region of the α-AlFeSi 

phase, even at high iron contents. The influence of 

iron corrector (Mn up to 0.5%) on the fluidity, 

microstructures and surface properties was compared. 

Iron amd Iron corrector both increase hardness 

generally. Moreover, it is found that the dimension of 

the 𝛽-phase crystals increases with increasing of Fe 

content and decreasing of cooling rate [14]. 

Suppression of the 𝛽-phase can occur by increasing 

the cooling rates to typical for rapid solidification 

processes. Rapid solidification is considered as a 

nonequilibrium process; therefore, it is expected to 

obtain a metastable 𝛼 and 𝛽 phases. In these 

intermetallic phases, the atoms of Fe and Mn are able 

to change their positions in the crystallographic 

lattice due to their very similar atomic radii of 0.128 

nm, 0.137 nm [15], respectively. Since these phases 

belong to hard phases, their fine nature beneficially 

affected the mechanical properties including the 

Vickers hardness. 
More intermetallics are formed by the slight increase 

in the lattice constant due to the addition of iron to 

the Al-Si alloy [16]. Although iron has a very low 

solubility in the solid but has a very low solubility in 

the solid, and tends to form intermetallic phase 

particles of various types when combined with other 

elements [16].  In the absence of silicon, the 

dominant phases are Al3Fe and Al6Fe, but when 

silicon is present, the dominant phases are Al8Fe2Si 

(known α-phase) and Al5FeSi (known as β-phase) as 

reported by Taylor [17].  More driving force is 

produced, when more iron is added to Al-Si alloy. 
This results in a decrease of the total surface energy 

of solid silicon, which can be accomplished by 

lowering the surface area per unit volume of present 

phases. Thus, this leads to a theoretically high 

tendency of this type of hypereutectic alloy to 

develop a fine microstructure and epitaxial growth 

instead of the more frequent random lamellar and 

coherent form as reported by Darvishi et al. [18]. 

Manganese therefore accelerates the nucleation of 

iron-based intermetallic crystals in high undercooling 

process. 
 

 
Figure 4: SEM image of Al-17Si-7Fe-3Mn Coatings at 0.8 m/min 

 

3.2. Microhardness Measurements  

The microhardness indentations were conducted on 
three regions of the deposited hybrid coating: the 

deposited layer, interface and HAZ. The 

microhardness graph as a function of scanning speed 

and alloy composition is shown in Figure 5. It 

illustrates the microhardness of the composite formed 

using quaternary alloy (Al-Fe-Si-Mn) as the 

deposited hybrid coatings and SAE-AISI 1010 steel 

as a substrate. It can be observed that the mean 

hardness value decreases with increasing scanning 

speed at 3 and 5 wt.% Fe. While 5wt.% Fe hardness 

increases with increase in scanning speed. It was 
found that the lowest hardness value appears in SAE-

AISI 1010 steel (substrate) region and as moving 

along the deposition direction the hardness value 
begin to increase significantly. The average hardness 

obtained for samples Al-17Si-3Fe-1Mn, Al-17Si-5Fe-

2Mn, and Al-17Si-7Fe-3Mn are 379 ± 8.12 HV; 681 

± 10.86 HV; 379±8.12; 377±9.83HV; and 651±6.68; 

681±10.86 HV respectively against the hardness of 

the substrate (108 HV0.1). There was an increase in 

hardness of about 6.3-times that of the substrate 

(SAE-AISI 1010 Steel). The standard deviation of the 

hardness values was calculated through the following 

equation: 
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(2) 
Table 2 shows the hardness of alloys investigated in 

this study. It is observed that increase in the addition 

wt.% Fe to the base alloy increases the hardness from 

379 ± 8.12 HV to 681 ± 10.86 HV. The 3 wt.% Fe 

(379±8.12; 377±9.83) has the lowest hardness at 

scanning speeds at 1.0 and 1.2 m/min respectively.  

While the 5 wt.% Fe alloy has the highest hardness 

values of (651±6.68; 681±10.86) at scanning speeds 

of 1.0 and 1.2 respectively in the microstructure 

compared to the other alloys. This improvement of 

microhardness for the quaternary alloys can be 

related to the supersaturated solid solution of 𝛼-Al 

with Si, fine structural low Fe-containing needle and 

spherical shape 𝛽-phase, and ultra-fine hard Si 

particles as revealed in Figures 3 and 4. 

 

The hardness of Al-Si based alloys increases as the 

iron content levels increases from 3 to 7 wt.% as 

shown in Figure 5. The size and volume fraction of 

iron-containing intermetallics (particularly β -phase) 

and star-like intermetallic compounds described the 
impact of iron on the hardness property which 

increased with iron content. However, as iron level 

increases, porosity could increase with increase in 

iron level, and these defects also have a significant 

impact on hardness. In addition, manganese and iron 

form ternary compounds with aluminium and silicon. 

Manganese reduces the intensity of negative effect of 

iron on the mechanical properties. 
 

 
Table 2: Hardness Values along the Cladded Zone 

 

 
Figure 5: Variation of Hardness values with Al-Si-Fe-Mn 

Coating Compositions 

 

CONCLUSION 

 

Al-Si-Fe-Mn coatings were synthesized by 

continuous wave (CW) Ytterbium Laser System via 

laser alloying technique to improve the 

microstructure and hardness property of SAE-AISI 

1010 steel. The composition proportion of mixed 

powders has a great influence on the phase structure 

of the laser deposited coatings). The size and 

volume fraction of iron-containing intermetallics 

(particularly β-phase) and star-like intermetallic 

compounds described the impact of iron on the 

hardness property which are increased with iron 
content. There was an increase in hardness of about 

6.3-times that of the substrate (SAE-AISI 1010 

Steel). This improvement of microhardness for the 

quaternary alloys can be related to the supersaturated 

solid solution of 𝛼-Al with Si, fine structural low Fe-

containing needle and spherical shape 𝛽-phase, and 

ultra-fine hard Si particles. 
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