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Abstract 

Fe3Si is under interest as a ferromagnetic electrode of magnetic tunneling junctions (MTJs). 

Its crystalline structure is important for achieving high device efficiency. This work focuses on  

mechanical alloying of 3:1 ratio of 99% pure Fe and Si powder mixtures by ball milling and sintering. 

The mixtures were ball-milled for various durations up to 20 h. Then, they were sintered from 400°C  

to 800°C for 4 h in Ar.  SEM images and particle size analysis show significant reduction in average 

particle size of the mixtures after ball milling for 20 h. The longer duration of ball milling process 

promotes powder distribution. It results in agglomerated and smooth samples after sintering. XRD 

analysis indicates that Fe3Si phase appeared after 5 h of mechanical ball milling without sintering. 

More peaks of Fe3Si phase present at sintering temperatures higher than 600°C, while Fe2Si phase 

diminishes. However, the amount of Fe2O3 phase increases when sintering at these high temperatures, 

which strongly affects the magnetic properties of the samples. Magnetic hysteresis loops measured 

by vibrating-sample magnetometer (VSM) show lower magnetic moments of these samples.  Saturation 

magnetization of the sample decreases more than 95% when sintered at 800°C, agreeing with high 

content of Fe2O3.  

1. Introduction  

 

 The magnetoelectronic devices based on spin-polarized transport 

in semiconductors are obtained much attention at present. The spin-

polarized carrier injection from a ferromagnetic (FM) source into 

a semiconductor offers new perspectives to semiconductor device 

technology. The spin-polarized based devices, such as light-emitting 

diodes (LEDs) using FM metals or FM semiconductors like (Ga, 

Mn)As as a spin injection source, are reported [1-4]. From Lin et al. 

[5], the authors propose, as for the spin-polarized Si-based LEDs, 

ferromagnetic Fe3Si to be a good candidate for a spin-polarized carrier 

source on semiconducting Si. The other examples are the devices 

based on the Magnetic Tunneling Junction (MTJs) using FM metals 

for the electrodes sandwiching the barrier. The ferromagnetic Fe3Si 

was proposed as an alternative for ferromagnetic electrodes as reported 

by W. Rotjanapittayakul et al., [6]. Fe3Si is known to be ferromagnetic 

up to 840 K [7] with a cubic DO3 structure regarded as a Heusler alloy 

[8]. In additions, Fe3Si also has high spin polarization expected at the 

Fermi level [9]. Thus, Fe3Si is an attractive material for electrical spin 

injection [10]. This Heusler alloy possesses relatively high saturation 

magnetization and low Gilbert damping parameter [6]. Development 

of Fe3Si can be used in spintronics and nanoelectronics. Recent 

theoretical study of Fe3Si-based magnetic tunnel junction showed 

promisingly results [11-19]. All of these studies focus on epitaxially 

growth thin films. Some other methods are chosen to obtain Fe-Si 

alloys including thermal evaporation, diffusion-driven annealing, 

magnetron sputtering, or mechanical alloying [20-23]. Mechanical 

alloying is an accessible approach to achieve polycrystalline structure 

from amorphous or monocrystalline powder mixture. The process 

can develop different properties for the poly-crystalline materials 

including advance electrical, thermal and magnetic properties. In this 

paper, we demonstrate the mechanical alloying method to synthesize 

Fe3Si Heusler Alloy. Subsequent sintering step can further provide 

desirable crystalline phases driving to the potential properties. Phase 

diagram of Fe-Si suggests that α-Fe3Si phase can be formed between 

10 at% to 25 at% Si at temperature range 500°C to 900°C, which is 

thermodynamically preferred over off-stoichiometry alloys. Previous 

work has been done on low Si content [23]. According to this limitation, 

mixture of slightly higher Si content is examined in this study for 

the mechanically alloy process in order to achieve higher electrical 

resistivity [24]. It is suggested that long duration of mechanically 

alloying could produce Fe3Si phase even at low sintering temperature. 

 

2.  Experimental setup 

 

 14 wt% mixture of high purity (99%) Fe and Si powders 

(Labchem, <44 μm) were ball-milled at 1200 rpm for 0, 1, 3, 5, 10, 

and 20 h. Then, the mixtures were sintered in a tube furnace (Carbolite-
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Gero, Germany) at 400, 600, and 800°C in Ar atmosphere for 5 h. 

Morphologies of the samples were investigated by optical microscope 

and scanning electron microscope (SEM, JEM-6510, JEOL). Particle 

size analysis was performed via ImageJ. Crystallographic structures 

were characterized by x-ray diffraction (XRD, Cu-Ka, X’Pert PRO 

MPD model pw 3040/60, PANalytical) using CuKα (wavelength = 

0.154 nm). Vibrating-sample magnetometry was performed at room 

temperature to analyze the magnetic properties of the mixtures. 

Maximum magnetic field was 10 T. 

 

3.  Results and discussions  

 

3.1  Effect of ball-milling time 

 

 Effect of ball-milling time on the particle size is studied by comparing 

the microstructure of the particles. As shown in SEM micrographs 

in Figure 1, the sizes of the particles decrease as the milling durations 

increase. The particles of the 5-h ball-milled mixture (Figure 1(a)) are 

connected in large groups. On the other hand, for the 20-h ball-milled 

mixture, the particles are dispersed as individual parts (Figure 1(b)). 

The average particle sizes of the 5-h and 20-h ball-milled samples 

are 25.46 μm and 8.2 μm, respectively. Particle size distributions of 

the ball-milled samples are illustrated in Figure 2. Mean particle size 

is reported between 11 μm to 20 μm. The comminution suggests that the 

mechanical ball milling reduces the particle size of the powder. It can be 

observed that the samples are fragile, and the mixtures remain powder 

after ball milling for 20 h. It is common that Fe-Si alloys with more 

than 4.5% silicon are brittle. However, after sintering at 600°C and 

800°C, the powder at both conditions are fused firmly into one rigid 

piece, without external compression step. It is also implied that 

the smaller particle size allowing denser packed compound. This 

behavior accommodates the aggregation of the particles during 

sintering. At very small particle size, particles behave more ductile [25]. 

It was suggested that small particles tend to form aggregates to reduce 

their surface energy [26]. As a result, the high temperature sintering 

confers higher strength and integrity to the sample structure. 

 

      
    

Figure 1. Fe-Si powder alloys after (a) 5 h, and (b) 20 h mechanical annealing.

 

 

Figure 2. Particle size distribution of the ball-milled samples with various 

ball milling time. 

 

 In addition, surface morphology indicates that the durations of 

ball milling influence Fe and Si particles distribution. The two species 

are more evenly distributed as extending the milling time. Figure 3 

presents surface of Fe-Si mixture after annealing at 800°C in Ar 

with different mechanical ball-milling durations. It is noted that each 

samples consolidate as a solid piece after high temperature sintering. 

Figure 3(a) displays surface of a sample with no mechanical ball  

milling. The particle sizes are large and separated comparing to the 

3-h ball-milled samples shown in Figure 3(b), which presents finer 

and evenly distributed grains. The surface of the 5-h ball-milled 

sample in Figure 3(c) appears fine and smooth. Lastly, the 20-h ball-

milled sample in Figure 3(d) features glossy and shiny. Some parts of  

these samples demonstrate that particles are fused into large grains. 

It was observed that the harder component is embedded in the softer 

component during milling [25]. Thus, the harder Si particles would 

be surrounded by Fe particles. The observation of the surface agrees 

with the microstructure of the 20-h ball-milled sample shown in 

Figure 4. The particles are connected into large granules. The result 

suggests phase change starts on the samples with the longer milling 

time, which can be examined with crystallinity analysis.

20 μm 

(a) 

20 μm 

(b) 
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Figure 3. Surface morphology of Fe-Si mixture after sintering at 800°C in Ar with (a) no mechanical milling, (b) 3 h, (c) 5 h, and (d) 20 h of mechanical milling.milling. 

 

 
 

Figure 4. Microstructure of Fe-Si mixture after sintering at 800°C in Ar 

with 20 h of mechanical milling. 

 

3.2  Effect of sintering temperature 

 

 For phase analysis, XRD spectra of 3-h of mechanically ball-milled 

samples with various sintering temperatures are shown in Figure 5. 

The 3-h and 5-h ball-milled samples exhibit similar patterns. Peaks 

of Fe-Si alloys were identified relating to their diffracting angles. 

FeSi and Fe2Si phases present even with no sintering. After sintering 

at 400°C, Fe2Si peak emerges at 35.6°. Main difference in both sets of 

samples arises at transition temperature between 400°C and 600°C. 

The peak intensity at 35.6° appears much stronger, which correspond 

to larger grain size [27]. At 600 and 800°C, Fe3Si peaks occurs at 

54.13° and 76.42°, while other Si and Fe2Si peaks disappear. In 

addition, the amount of Fe2O3 substantially rises at the high sintering 

temperature. There is no Fe2O3 presented at 400°C. 

 Table 1 shows the amount of each phase in the samples. The 

analysis from the 3-h ball-milled samples suggested that Fe2Si 

is formed from the mechanical ball milling. Moreover, the presence 

of Fe2Si, and Fe3Si amount suggests that the alloys are already 

developed after 5-h of mechanical ball milling. Long milling time  

30 μm 
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incites Fe-Si formation for as-milled powder [23]. Moreover, both 

cases show low amount of Fe compared to Si, indicating that more 

amounts of Fe2Si and Fe3Si are formed comparing to FeSi. From 

25°C to 400°C transition, the amount of FeSi phase increases in 

both series, while the Fe:Si ratio decreases.  

 During the transitions from 400°C to 600°C, while the other 

phases (Fe, Fe2Si, and Fe3Si) decline significantly, the amount of Si 

phase remains relatively constant for the 3-h ball-milled sample 

sintered at 600°C. The behavior implied that only Fe is oxidized at 

this condition. However, when the duration of the ball-milling time 

is lengthened, the amount of Si decreases. More than 50% of the 

mixture is assigned to Fe2O3 for the 5-h ball-milled sample sintered 

at 600°C. The reduction in Si amount indicates that Si is also oxidized. 

This behavior also displays for the 3-h ball-milled samples at higher 

temperature. For 600°C to 800°C transition, the amount of Si of this set 

of samples drops from 51.2% to 41.1%, while the amount of Fe2O3 

surges from 39.3% to 48.2%. However, Fe2O3 changes only from 

53.3% to 59.8% in the 5-h ball-milled sample. The behavior suggests 

that longer mechanical ball milling duration influences oxidation 

at lower sintering temperature for Fe-Si alloying.  

 

 

 

Figure 5.  XRD spectra of 3-h mechanically ball-milled samples with different sintering temperatures. 

 

Table 1. Different phases presented in the Fe-Si mixtures. 

 

Sample 
Amount (%) 

Fe Si FeSi Fe3Si Fe2Si Fe2O3 

3 hr 25°C 42.2 43.1 0.1 1.5 13.0 - 

5 hr 25°C 14.9 49.1 4.3 17.0 14.7 - 

3 hr 400°C 23.0 49.7 15.2 9.0 3.1 - 

5 hr 400°C 13.3 58.1 10.3 11.4 15.6 - 

3 hr 600°C 1.5 51.2 1.5 6.1 0.4 39.3 

5 hr 600°C 1.2 31.4 5.0 6.2 0.9 53.3 

3 hr 800°C 0.9 41.1 0.1 8.0 1.8 48.2 

5 hr 800°C 0.7 30 1.3 6.2 1.2 59.9 

 Magnetic hysteresis loops are measured by vibrating-sample 

magnetometer (VSM). The results exhibit the existence of a ferro-

magnetic state of these samples. Figure 6 presents the comparison 

of hysteresis curves of the 3-h (Figure 6(a)) and the 5-h ball-milled 

samples (Figure 6(b)) with various sintering temperatures. The analysis 

reveals that saturation magnetization (Ms) of the samples decreases 

as the sintering temperature increases, regardless of the ball-milling 

time. This investigation agrees with the XRD analysis. The longer 

milling duration gives rise to the Fe-Si formation, which has been 

shown to decrease Ms [23]. The drop in the Ms corresponds to the 

growth of Fe2O3 phase of the samples sintered at 600 and 800°C. 

By using this method, the Ms remains relatively similar for the samples 

sintered up to 400°C. The mean of the Ms of the samples sintered 

up to 400°C is about 169 emug-1 which is close to that of bulk Fe3Si 

[28]. The Ms of the sample plunges more than 95% when sintered 

at 800°C, agreeing with high content of Fe2O3. In addition, rising 

ball-milling time slightly decreases the Ms of the samples, as the 

magnitude is shown in the inset of Figure 6. 
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Figure 6.  Hysteresis curve of Fe-Si mixture ball-milled for (a) 3 h and (b) 5 h and sintered at 25, 400, 600, and 800°C in Ar atmosphere. 

 

Table 2.  Magnetic properties of samples. 

 

Sample Ms (emug-1) Br (emug-1) Hc (Oe) 

3 h 25°C 179.1 1.06 14.25 

5 h 25°C 176.5 1.10 14.91 

3 h 400°C 162.1 1.13 15.92 

5 h 400°C 159.8 0.38 5.47 

3 h 600°C 76.13 3.67 70.79 

5 h 600°C 75.09 3.62 68.04 

3 h 800°C 4.11 0.43 140.9 

5 h 800°C 1.85 0.44 264.4 

 The Ms, remanance flux (Br), and magnetic coercivity forces 

(Hc) of the 3-h and 5-h ball-milled samples sintered at 25, 400, 600, 

and 800°C are shown in Table 2. All of the 3-h ball-milled samples 

display higher Ms than that of the 5-h ball-milled samples, which 

indicates slightly stronger polarization. This result also correlates to 

the effect of longer milling duration on the oxidation of Si. The 

magnitization reduces significantly at 800°C as Fe and Si oxidized. 

The Hc of the samples sintered at 25°C and 400°C are small since 

the samples are in the form of bulk Fe3Si. Noticeably, it escalates 

for the higher sintering temperature. This behavior implies that the 

samples are formed similar to most thin magnetic films, which the 

Hc of Fe3Si films intensifies with decreasing thickness [29]. According 

to Liou et al. [29], the Hc of Fe3Si films reaches a maximum for the 

film 10 ML (monolayer) thick, as high as 500 Oe. It was suggested 

that the increasing in Hc with milling time was due to the reduction 

in the particle size and the introduction of dislocations [30]. 

 

4.  Conclusions 

 

 The facile mechanical annealing has proven to provide the Fe3Si 

alloy. The influence of the ball-milling time and sintering temperature 

were investigated on crystallinity and magnetic properties of Fe-Si 

alloys. Microstructural study shows that the process yields evenly 

distributed particles, leading to formation of the Fe-Si alloys. XRD 

results indicate that Fe3Si phase can be achieved from mechanically 

alloying the Fe-Si powder mixture for 5 h at room temperature. 

Mechanically ball milling influences oxidation of the Fe-Si mixtures 

even at low sintering temperature. As the oxidation dominates at  

high temperature, the alloy mixture results in high amount for Fe2O3.  

Correspondingly, the saturation magnetization falls at 800°C. In 

addition, increasing ball milling time slightly lowers the maximum 

magnetization of the samples. For further study, it is suggested that 

closed annealing system is recommended to avoid oxidation. 
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