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Fe-Si NANOSTRUCTURED COATING ON 48 XC STEEL 

DEVELOPED BY MECHANICALLY ALLOYED 

Ali MAMERI1*, Ismail DAOUD2, Rachid BELKADA1, Amar MANSERI1, 

Merzak LARIBI3 

In this work, our objective was to develop a nanostructured FexSiy coating on 

an XC steel substrate using a mechanical alloying. The results revealed that milling 

time and Si ratio (%) have significant influence on particle size, morphology, and 

phase formed. In the second phase of our investigation, the intermetallic formed 

were deposit on the XC48 substrate via mechanical alloying. The co-milling of 

substrates/alloyed powder was applied for different durations and subjected to heat 

treatments at various temperatures. The microstructural analysis, performed using 

optical microscopy and Scanning Electron Microscopy techniques, revealed a 

coating with a thickness of approximately 150 µm. 
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1. Introduction   

Mechanical alloying (MA) is a widely employed technique known for its 

ability to create unique structures and high material properties [1, 2]. This 

technique involves a sequence of cold welding, fracturing and rewelding 

processes under high-energy ball milling of blended material. During mechanical 

alloying, the composition can be changed from pure elements to a solid solution, 

chemical compounds, or amorphous materials [3-6]. MA provides advantages to 

synthesis materials, which are difficult to obtain with conventional techniques. It 

does not claim the miscibility of elements in the liquid state, which offers the 

possibility to synthesize various materials [7]. 

Since its development, MA has been employed to synthesize several 

advanced materials, such as intermetallics [7], nanocomposites [8], metallic 

glasses [9] and materials for energy applications [10]. In addition, this technique 

can be used to activate the aluminothermic reaction between reactant powders 

[11-14]. Fe-Si alloys are widely employed for their excellent magnetic properties 

[15]. FeSi compounds have a high melting point and good structural stability at 
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high temperature, which make them useful in thermal and corrosive environments 

[16]. Several routes were used to obtain Fe-Si compounds, depending on the final 

form (bulk, nanostructured, thin film, etc.). MA is a promising method for the 

production of Fe-Si alloys [17]. To enhance their properties, researchers have 

investigated numerous Fe-Si systems from amorphous to nanocrystalline FeSi 

materials that have been developed using MA [18-23].  

The development of nanocrystalline coatings is considered a significant 

challenge. The use of conventional techniques, such as electrodeposition, 

chemical vapour deposition, and cold spraying, often leads to the destabilization 

of the nanocrystalline structure [24]. It has recently been demonstrated that it is 

possible to develop coatings using MA process while preserving the nanostructure 

of materials [25]. The use of MA process for coating in the Fe-Si system has not 

been extensively explored. Gupta and al.[24] have studied Fe 80 at%, Si 20 at% 

nanostructured coating on mild steel by MA, the element powder (Fe80 at%, Si 20 

at%) were milled for 20 h. The pre-alloyed nanocrystalline Fe80Si20 was milled 

with coupon for different times (1-4 h) and different speed (150, 250, 350 rpm). 

They found that the highest value of thickness of 350µm was obtained at speed of 

200 rpm.  

The particularity of this study, that distinguishes it from previous research, 

lies in its novel approach to synthesizing FexSiy nanocrystalline coatings using the 

MA process and the subsequent optimization of treatment parameters for 

achieving adherent coatings 

2. Experimental details  

Iron (purity of 99%) and silicon (feedstock) powders were used as raw 

materials. To prepare FexSiy nanocrystalline powders with two stoichiometries 

namely Fe90Si10 and Fe65Si35, the powders were milled in a planetary ball mill 

(PM 200, Retsch) using the following parameters: the ball-to-powder ratio was set 

at 10:1, and the rotation speed was fixed at 250 rpm. The milling time was varied 

up to 80 h, with each composition milled for 1, 4, 10, 30, 60, and 80 hours. 48 XC 

(0,45 %C, 0,7 %Mn, 0,03 % P, 0,04 %S) steel was used as the substrate. FeSi pre-

milled powder with the substrate (ø 25 mm) undergoes milling for 5 hours at a 

rotation speed of 350 rpm. Subsequently, the material was subjected to a heat 

treatment at 500°C/800°C for 1 hour. The treatment was conducted in a tubular 

furnace, specifically the Nabertherm model RHTH 80/300/18 under vacuum 

conditions. The X-ray diffraction method (Bruker D8 Discover) was used to 

investigate the phase composition obtained after every milling time. Diffraction 

tests were recorded with a scanning range (2θ) from 10 to 90° using Cu radiation 

(λ=1.54 Å) at 40 mA, 40 kV, and 0.02°/step. The evolution of the particle size of 

the milled powders was investigated by laser diffraction (Mastersizer 2000). 
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Scanning electron microscopy (SEM) (JEOL- 6780) was employed to understand 

the in-situ phenomena during MA. The chemical composition of the powders was 

obtained with X-ray energy-dispersive X-ray spectroscopy (EDS). The thermal 

behavior was evaluated through differential thermal analysis (DTA). DTA curves 

were recorded on a Netzsch DTA 404S apparatus using a heating rate of 

10°C/min in an argon atmosphere, the examination of coating thickness was 

determined using optical microscopy (Nikon). 

3. Results and Discussion 

3.1 Milling of the Fe90Si10 and Fe65Si35 alloys  

Fig. 1 displays the particle size distribution of the Fe90Si10 and Fe65Si35 

mixtures after various milling times, along with powder micrographs.  

The Fe90Si10 milled powder for 4 and 80 hours (a and b) exhibits a bimodal 

distribution. In the powder milled 4 hours (Fig. 1 (a)), a prominent peak is marked 

for the larger particle, accompanied by a smaller peak representing smaller 

particles. The powder after 80 h (Fig. 1 (b)) exhibits more uniform particle sizes, 

also the fine particles volume was higher than that after 4 h of milling, and the 

size of the finest particles obtained after 80 h of milling was 1.81 µm, while the 

D50 reached 6.69 µm. From the SEM micrographs, two populations of varying 

size can be distinguished for both milled powders (4 and 80 h). The fine particles 

resulted from the fracture process, and large particle agglomerates formed by cold 

welding of smaller particles. Extended milling times result in a higher proportion 

of fine particles, while short milling times result in more agglomerates. The 

powder after 80 hours of milling shows more uniform particle sizes, suggesting 

that equilibrium between the welding and fracture processes has been reached.  

The Fe65Si35 mixture (Fig. 1 c and d) displays the same pattern. Particle 

agglomeration occurred within a short milling time (4 h), resulting in an increase 

in the mean particle size of 75 µm. Meanwhile, for a long milling time (80 h), a 

decrease in particle size was observed, with the mean particle size (D50) reaching 

6.43 µm. The Fe65Si35 powder micrographs demonstrate the impact of milling time 

on grain size. As shown in Fig. 1 b and d, prolonged milling time promotes 

refinement of the powder at the expense of agglomeration. Extended milling times 

lead to a more uniform particle size distribution, while short milling times 

produce large particle sizes. Comparing both results, the increase in the Si ratio 

promotes the refinement of the mixture. The agglomerates formed for Fe65Si35 

were smaller compared to those in the Fe90Si10 sample. This result is in good 

agreement with the results obtained by Bahrami et al.[26] showing the effect of Si 

on the microstructure during milling. The formation of several populations is 

related to two processes that occurred during milling: fracturation and 

agglomeration [27]. 
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Fig.1. Particle size distribution of milled powder with SEM Micrographs of (a) Fe90Si10 

milled 4 h, (b) Fe90Si10 milled 80 h, (c) Fe65Si35 milled 4 h and (d) Fe65Si35 milled 80 h. 

  

 The latter is more apparent for a short time when the particles of Fe were 

even ductile. In contrast, the particles become harder for long milling times [28] 

and tend to dominate the fragmentation process to the detriment of the 

agglomeration process. The presence of Si increases the brittleness of alloys, 

which explains the refinement of particles and the diminution of agglomerate 

volume with Fe65Si35. Table 1 summarizes the results of the distribution sizes for 

both mixture powders. Fig. 2 depicts the X-ray diffraction patterns of the Fe-Si 

mixture powders as a function of milling time. For Fe90Si10 (Fig 2.a), the results 

revealed the formation of SiO2 and Fe2O3 phases after 1 h, suggesting oxidation of 

powder. The FexSiy phases appeared after 10 h of milling, resulting in the 

formation of Fe5Si3 intermetallic and Fe(Si)α solid solution. 
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Table 1 

Particle size distributions for the two mixtures 

   

Composition 

(wt%) 

 Milling 

times 

(hours) 

D10 

(µm) 

D50 

(µm) 

D90 

(µm) 

 

 

Fe90Si10 

1 21,95 122,58 278,33 

4 21,76 109,76 319,94 

10 6,82 74,72 193,65 

30 1,95 8,50 26,99 

60 1,81 6,86 24,06 

80 1,81 6,99 129,61 

 1 1,98 9,56 291,80 

 

Fe65Si35 

4 7,95 75,17 211,96 

10 1,32 15,35 69,90 

30 1,137 12,32 61,76 

60 1,46 11,53 134,86 

80 0,90 6,43 30,36 

 

Additionally, a weak peak corresponding to FeSi was detected. The 

presence of Fe3O4 phase oxide was observed, this is in good agreement with Rifa 

et al.[29] results, confirming the formation of Fe2O3 and Fe3O4 during milling. 

Extending the milling time up to 60 h induces the disappearance of transient 

phases, as Fe5Si3, Fe2O3, and SiO2 substituted by only two principal phases (FeSi 

and Fe(Si)α). These phases persisted up 80 h of MA. Fig. 2. b shows XRD 

patterns of Fe65Si35 powder milled for different times.  
 

 
 

Fig. 2. XRD patterns of the milled powders as function of milling time: (a) Fe90Si10 : Fe , 

FeSi, SiO2, Fe3O4 , Fe5Si3, Fe2O3 phases and (b) Fe65Si35 : FeSi, Si, Fe, FeSi2 phases. 
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The results revealed that after 1 h of milling, the FeSi2 phase was formed, 

and thus, Fe(Si)α solid solution. This result exhibits the ability of Si to increase 

the reactivity of the Fe-Si mixture. Further prolongation of the milling did not 

cause any change in the phases formed after 4 and 10 h, while for 30 h of MA, the 

FeSi2 peaks disappear and are replaced by the FeSi phase peaks. As the process 

continued up to 60 h, it allowed the achievement of the reaction Fe-Si and, 

therefore, the formation of only the FeSi phase.  

Fig.3. Illustrates the corresponding DTA curves for the Fe90Si10 and 

Fe65Si35 mixture powders milled at different times (4 and 80 h). 

The DTA curves of Fe90Si10 milled for 4 hours (Fig 3.a) showed a broad 

peak in the temperature range of 400-600°C, caused by internal stresses as 

interpreted by J.Ding et al. [30]. The endothermic peak at 746°C can be attributed 

to the ferro-para transition, as confirmed by Abellaoui et al.[20]. Another 

exothermic peak observed at a temperature of 944°C is related to the 

transformation of the amorphous phase of the solid solution Fe(Si)α into its 

crystalline phase [29]. After milling for an extended period (80 hours), the DTA 

peaks shift towards lower temperatures, which confirm that milling increases the 

powder's reactivity. As a result, an exothermic peak is observed at 470°C for the 

Fe90Si10 milled powder, corresponding to the amorphous transformation recorded 

at 944°C with 4 hours of milling. Therefore, the metastable phases revealed by 

XRD after milling became crystalline. 

The DTA (differential thermal analysis) of Fe65Si35 (Fig. 3.b) showed an 

endothermic peak at 750°C that corresponds to the ferro-para transformation. The 

peak was recorded at a lower temperature (698°C) for the blend that was milled 

for a longer duration (80 hours) compared to the blend that was milled for a 

shorter duration (4 hours). This indicates that milling decreases the temperature of 

the reaction. 

The amorphous phase transformation to the crystalline phase was also 

recorded for this mixture. For the blend milled for 4 hours, the temperature of the 

reaction was 872°C. However, this peak shifted to a lower temperature with an 

increase in milling time and eventually attained 449°C. 
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Fig. 3. DTA analysis : a) Fe90Si10   ; b)  Fe65Si35 

 

3.2- The coating of FexSiy pre-alloyed on XC steel substrate by co-

milling 

Macrographs showing the substrate's appearance prior to and during 

subsequent treatments, as well as the coating process, are shown in Fig. 4. It is 

evident that the amount of FexSiy alloyed deposit on XC steel substrates is highly 

dependent on the length of milling and the post-milling treatment. A larger 

amount of deposited alloy was indicated by the composite's darker appearance 

after it was annealed and milled for five hours (fig. 4.f). This implies that the 

coating process benefits from a longer grinding time. It is also beneficial for the 

sample that will receive further treatments. 

 

 
Fig. 4.  a)- Substrates XC48 after sand blasting. b)- 1h ; c) 2h ; d) 5 h; e) before annealing; f) after 

annealing. 

Figure 5. illustrates the XRD results for the Fe90Si10 coating before and 

after subsequent treatment, as well as for the Fe65Si35 coating after annealing. 
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Fig.5 XRD patterns of: a- Fe90Si10 coating; b- Fe65Si35 coating after annealing at 800°C. 

The spectra assigned to Fe90Si10 after further treatment showed the 

development of intermetallics FexSiy. In the case of the sample milled for 10 

hours, we observed the presence of FeSi2, Fe2Si, and FeSi. For the sample milled 

for 30 hours, the recorded phases were Fe11Si5, Fe(Si), and Fe2Si. Figure 9.b 

confirms the formation of intermetallics in both samples (milled for 10 and 30 

hours) with the presence of Fe2Si and FeSi in both cases, Fe5Si3 for 10 hours, and 

Fe3Si for 30 hours. By contrasting this with the milled powder's XRD (Fig. 2), we 

may determine that crystalline coatings have developed. New crystalline 

intermetallic phases have emerged as a result of the subsequent treatment, which 

removed the amorphous phases found in the powder following milling:  
 

 
Fig. 6 : Optical images for Fe90Si10 coatings : a) 10h milled, b) 30h milled. 

 

The coating morphology of Fe90Si10 samples as seen by optical 

microscopy is shown in Figure 6. Measuring the coating thickness, the Fe90Si10 
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sample milled for 10 hours had an average thickness of 46 µm, whereas the 

sample milled for 30 hours had an average thickness of 58 µm.  

We analyzed the coating-substrate interface using scanning electron 

microscopy (SEM) to obtain a more thorough understanding of the coating 

morphologies. The morphology of the coating for Fe90Si10 after ten hours of 

milling is shown in Fig. 7 (a). The element distributions of coating (mapping) are 

shown in Fig. 7 (b), which validates the existence of high-purity Fe and Si 

elements. The presence of oxygen points to a possible coating-related oxidation 

process. Even though it's important to note that the proportion of oxygen found is 

quite low. The resin that was utilized to prepare the SEM analysis is what is 

responsible for the carbon's presence. Three sub-layers are discernible: the first is 

made up of tiny FexSiy particles that are bonded to the substrate, the second is 

made up of aggregated silicon oxide grains, and the third is made up of bigger 

FexSiy grains that are larger than those in the first sub-layer. Fine-grained FeSi 

makes up the first layer, which promoted fast diffusion and the subsequent two 

layers' development. Compared to FeSi, silicon is a metalloid with a less 

complicated structure, which gives silicon atoms more mobility and accelerates 

diffusion. This metalloid makes up the second layer. It's important to note that 

after annealing, the silicon reacted with oxygen atoms to form a SiO2 sub-layer.  

     

 
Fig. 7. Scanning electron microscopy analysis for Fe90Si10 milled 10h : a) :cross-section substrate-

coating, b) : Mapping ; For Fe65Si35 : c): cross-section substrate-coating, d) :mapping. 

 

The coating behavior was assessed using hardness tests, and the results are 

presented in Table 2. The table includes the hardness values for each coating, as 

well as the hardness of the bare substrate after annealing, which serves as a 
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control. 48 XC steel exhibits a hardness of 280 HV. Annealing has a softening 

effect on materials, as seen in the substrate without coating, which recorded an 

average hardness of 212 HV. This decrease in hardness is typical of annealing, 

where the material tends to soften due to grain growth. However, all three 

coatings demonstrated an enhancement in hardness, with values higher than the 

baseline 212 HV. This improvement is indicative of the quality of the coatings. 

Furthermore, the Hall-Petch effect is observed in Table 2, where finer grain sizes, 

associated with Fe65Si35 powders milled for 30 hours (table 1), correspond to 

higher hardness values. The extended milling time resulted in narrower D10 and 

D50 distributions, leading to finer grain sizes and consequently improved 

hardness. In contrast, powders milled for only 10 hours exhibited broader particle 

size distributions (D10 and D90 values) (table 1), resulting in larger grains and 

lower hardness. This explains the observed variation in hardness. The relationship 

between hardness and grain size follows Hall-Petch, with hardness increasing as 

grains get smaller [48]. 
 

Table 2.   

Hardness values of FexSiy coating after annealing Samples 

Samples 

 The hardness 

of the substrate 

in its uncoated 

state  (48 XC) 

After annealing  

(HV) 

Hardness of 

Coatings 

after 

annealing 

(HV) 

Fe90Si10 10 h  

212,5 

 

255.5   

Fe90Si10 30h 274.5  

Fe65Si35 10h 

Fe65Si35 30h                                                                   

332  

466.5   

6. Conclusions 

In this study, we developed FeSi nanostructured alloy coatings using high-

energy ball milling on 48 XC steel. Several factors were found to impact the 

formation of these intermetallic coatings. Prolonged milling times led to increased 

solubility of Si in the Fe system, resulting in the formation of homogeneous 

phases of intermetallic FeSi and Fe(Si)α solid solution. Furthermore, adding 

larger Si percentages (such as 35% Si) raised the mixture's reactivity and caused 

new intermetallic phases to form during a short milling time. The FeSi phase 

eventually developed as a result of prolonged grinding. It's important to note that 

combinations containing more Si exhibited brittle behavior compared to mixtures 

containing less Si, which resulted in the milling process producing finer powder. 

One of the most significant findings of this study is that it demonstrates the 

feasibility of creating coatings from alloyed powders FexSiy on 48 XC steel 
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through high-energy ball milling. Across all samples, the coatings showed 

improved mechanical properties, particularly in terms of hardness, where values 

increased even after annealing. The sample that was ground for 30 hours showed 

that the high hardness that was detected was greatly influenced by the presence of 

tiny particles. 
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