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Abstract

:

In this work, structural, microstructural, thermal, and magnetic properties of a Fe-25at%Al alloy produced by high-energy mechanical milling were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), differential scanning calorimetry (DSC), and vibrating sample magnetometry (VSM) techniques. At the early stage of the milling process, three phases, namely, Fe, Al, and Fe(Al), coexist in the milled powder. After 20 h of milling, the results of the refinement of the XRD pattern reveal the formation of the supersaturated bcc-Fe(Al) solid solution with a crystallite size of 10 nm. The DSC curves show several overlapped exothermic peaks associated with the relaxation of the deformed structure and various phase transitions, such as the formation of Al13Fe4 and Fe3Al intermetallic. During milling times, the alloyed samples have a hard-ferromagnetic behavior, where Hc varies from 628 Oe to 746 Oe when the milling time increases from 4 to 40 h. The magnetic properties were related to the microstructural changes.
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1. Introduction


Iron aluminide (FeAl) alloys have been widely studied due to their high strength, low density, low production cost, good mechanical properties, and corrosion resistance at high temperatures; such excellent machining characteristics are attractive [1,2,3]. At high temperatures, iron aluminides are about 30% lighter than commercial structural materials such as stainless steel and nickel-based superalloys [4]. In addition, their good high-temperature corrosion resistance in oxidizing and sulfurizing environments [5,6] approves their use in typical industrial applications, namely power generation systems. This is ascribed to the formation of dense and adherent alumina scales on the surface of the material. In addition, Iron aluminide (FeAl) alloys have also been developed to provide a wide range of materials with competitive magnetic properties (high magnetization and low coercivity) to overcome the great and evermore eager demand for high-performance Fe-based soft and soft–hard magnetic materials [7,8,9]. One of the most important methods is mechanical alloying (MA), which is used for the preparation of alloys with good physical properties thanks to their novel nanostructures. MA has attracted much attention in recent years because it has proved to be an ideal tool for the generation of a wide range of systems, including supersaturated solid solutions, dispersion-strengthened materials, intermetallic, and nanocrystalline materials, through complex mechanisms of intermixing, solid-state inter-diffusion and chemical reactions, depending on the various milling parameters [8,9]. To the best of our knowledge, most of the research regarding Fe-Al has focused on the study of microstructural and physical properties during mechanical alloying and investigating their restricted applications, while the study of their thermal stability at high temperatures is still limited; allotropic transformations and intermetallic phases formation (as Fe3Al and Al13Fe4) can occur. The current study was performed to investigate (in an Fe-Al with a relatively low Al content, 20 at.%) three aspects. Firstly, explore the synergistic effect of increasing the alloying time on the refinement of the microstructure. Secondly, study the thermal stability and transformations noted at high temperatures. Finally, examine the magnetic properties of the prepared alloy.




2. Experimental Procedure


The Fe-25at%Al alloy was prepared with high-purity powdered components (99.9% purity Fe, 74 μm size and 99.95% purity Al, powder 75 μm; both from Alpha Aesar) by mechanical alloying using a laboratory planetary ball mill (Type PM400) under an argon atmosphere (99.999 purity). The ball-to-powder weight ratio used was maintained at 12:1, and the milling speed was adjusted to 400 rpm. The milling was performed with hardened stainless-steel balls and vials, with seven balls (10 mm diameter), and to prevent excessive heating, the mill was subjected to cycles (10 min on, 5 min off). The morphology studies were performed via scanning electron microscopy in a DSM960A ZEISS microscope. The structural investigations were conducted by X-ray diffraction (XRD) measurements using a D-500 Siemens equipment with CuKα radiation. The size of the coherently diffracted crystallites, the lattice strains, the lattice parameter, and the percentage of the crystallographic phase were calculated based on the Rietveld method using the X’Pert High Score Plus program. The DSC measurements and annealing processes were performed in a Mettler–Toledo DSC822 apparatus under an argon atmosphere, at a temperature ranging from 50 to 700 °C and at a heating rate of 10 °C/min. Annealing has been performed in the DSC under 20 mL/min Ar flow. The magnetic characterization was carried out by Superconducting Quantum Interference Device from Quantum Design SQUID MPMS-XL at room temperature.




3. Results and Discussion


3.1. Structural and Microstructural Analysis


Figure 1 illustrates the XRD patterns of the Fe3Al powder mixtures in the initial state and after the selected milling times. The XRD patterns of the initial powder mixture (0 h) exhibit the diffraction peaks of pure bcc-Fe (Im-3m; a0 = 2.8667(1) Å) and fcc-Al (Fm-3m; a0 = 4.0478(4) Å). During milling, one can note that the Al peaks disappeared progressively, suggesting that the MA led to the dissolution of Al in the Fe lattice. The XRD profiles of the powder MA for 20 h revealed that the strongest Al peak, (111), disappears completely (Figure 1), indicating that Al was in the Fe lattice to form the supersaturated solid solution bcc-Fe(Al) (Im-3m; a0 = 2.8650(1) Å). Figure 2 shows the histogram of the quantitative evolution of the Fe, Al, and Fe(Al) contents as a function of the milling time. It was observed that the Fe and Al contents gradually decreased until they disappeared after 30 and 20 h of milling, respectively. Moreover, as soon as they form, the Fe(Al) content increases linearly, from a value of 13.7% to a value of 100% after 30 and 40 h of milling (Figure 2). The peak positions of the Fe(Al) solid solution favored by milling are overlapped with the bcc Fe phase (the coexistence of both phases is confirmed by XRD refinement based on the Rietveld method). Fe3Al or oxides have not been detected.



Typical SEM micrographs of the obtained powder (0, 20, and 40 h of milling), given in Figure 3, show that the morphology changes greatly during the mechanical milling. Three stages, that is, severe plastic deformation (SPD), cold welding, and fracture, can be differentiated depending on the milling time. The morphology of the initial powder particles was found to be non-homogeneous, where one can observe particles with different shapes and sizes. After 12 h of milling, the particles were found to be irregular in shape and flattened because of the strong plastic deformation occurring, accompanied by cold particle welding during the first period of the milling. With an increase in milling time up to 20 h, the particles appear in spherical shapes and more uniform size distribution as a result of fracture phenomena after a preliminary cold-welding stage. After prolonging the milling time to 40 h, the particle size gradually decreased, and the particles became roughly spherical due to the hardening of the powder under the effect of the repeated shocks of balls. It is a result of the intense fracture process [10,11].



The EDX spectra of the alloyed samples after 2 h and 20 h are given in Figure 4. Microanalysis confirms that the percentage ratio of the original elements is very close to the nominal values (74.26at%Fe-24.74at%Al), and no oxygen oxide or impurities were detected in the powder mixtures.



On the other hand, one can observe a clear increase in the full width at the middle height (FWHM) of the peaks (Figure 1), which indicates a refinement favored by the decrease in crystallite size and an increase in the lattice strains that occurred during the milling process. Furthermore, due to the severe plastic deformation generated by the MA, a slight peak displacement (to higher or lower values of 2Theta) is associated with lattice parameter distortion.



Figure 5 shows the variation of the calculated values of the crystallite size and lattice strains with milling time. By increasing the milling time, the lattice strains have increased while the average crystallite size has decreased. As it can be noted, the crystallite size in the preliminary times of milling abruptly decreased, then, after 10 h of milling, it followed a relatively steady-state behavior. The final average crystallite size and lattice strains refined at 40 h of milling were found to be around 10 nm and 0.6%, respectively. Amorphization has not been detected by the XRD patterns analysis with Rietveld refinement.



By analyzing the diffraction data using the Rietveld structure refinement method, we were able to follow the evolution of the lattice parameter and density dislocation of the milled powders for different times of milling (Figure 6). For the first 4 h of milling, one can observe an increase in the lattice parameter of Fe from a value of 2.8644(1) to the value of 2.8666(1) Å, indicating the progressive dissolution of Al in the matrix of Fe, and giving rise to the solid solution bcc-Fe(Al), with a lattice parameter of 2.8669 Å. Note that the metallic atomic radius of Al is equal to 1.43 Å, which is greater than that of Fe (1.26 Å). After that, the lattice parameter decreases during the milling up to 20 h, where the pure Fe phase evolves to a solid solution. This cannot be associated with the solid solution of Al in Fe. This decrease is explained by the effect of severe plastic deformation, which can cause the compression of the lattice due to the presence of compressive stress fields within the non-equilibrium grain boundaries inside of the crystallites. For higher milling times, one can observe a slight increase in the lattice parameter from 2.8641 (after 20 h) to 2.8647 Å at the end of milling (after 40 h). This variation may be explained by the increase in the levels of defects as well as the dislocation. Indeed, dislocations were the main source of microstructure refinement in the crystal system near the grain boundaries. The dislocation density, ρs, can be represented in terms of the lattice strains, ε, and the crystallite size, D, using the following relation [12,13,14]:


  ρ =   2 √ 3    (   ε 2   )    1 / 2     D . b    








where ε is the lattice strain, D is the crystallite size and the Burgers vector of dislocations, b, equals      a bcc  √ 3  2    for the bcc structure. The lattice parameter, abcc, is fitted as a function of the milling time for the bcc structure. The calculated values of the dislocation densities, ρbcc, as a function ofthe milling times are given in Figure 6. One can observe three sections of dislocation density. During the first 10 h of milling, the dislocation density shows a considerable increase to 0.69 × 1016 m−2. From 10 and 20 h, the dislocation density slightly decreases to 0.606 × 1016 m−2. This can be explained by partial recrystallization (without grain growth) in structure. Usually, in conventional polycrystalline materials, the grain boundaries, GBs, are thought to be barriers to the dislocation motion. The slight decrease in the dislocation density indicates a relaxation of the grain boundaries. Beyond 20 h of milling, the dislocation density increases and reaches its maximum value of around 1 × 1016 m−2. This noted tendency of increase noted can be related to accumulating dislocations. In fact, the collision of powder particles between the balls generates severe plastic deformation, so that the dislocations may undergo a climb. So, diffusivity increased with the reduction in crystallite size [15].




3.2. Thermal Analysis


In order to study the thermal stability of the nanocrystalline bcc solid solution formed in the milled powders, DSC was performed at a constant heating rate of 10 °C/min under an argon atmosphere. Figure 7 shows the DSC curves of the mechanically alloyed Fe-25at%Al powders for different milling times. Several overlapping broad exothermic peaks are visible, extended over a wide temperature range (the numbers correspond to the peaks detected in each sample). The two most exothermic peaks are observed at temperatures near 370 and 550 °C. Similarly, the DSC data have been reported and analyzed in detail before [16,17]. According to the reports, the low-temperature peak corresponds to the reaction between the free Fe and Al metals, which are not completely alloyed to form Fe(Al), which is coherent with the XRD observation [18]. The exothermic peak is no longer observed after 20 h since the Fe and Al have been completely alloyed to form the disordered solid solution Fe(Al), which is also consistent with the XRD data. The peak at higher temperatures can be related to the formation of the order phases Al13Fe4. This phase was also detected in a previous work of Fe-40at%Al [19]. Thus, the reduction in the Al content (from 40 to 25 at% does not inhibit the formation of this phase. The endothermic peak observed at 470 °C for the DSC curve of the powder milled for 30 h (encircled one) can be associated with the allotropic transformation A2 + DO3 → DO3 of the Fe(Al) system. This transformation usually appears due to the Al content and is between 21 and 34%. Thus, the milling time favors the increase in the Al content in the solid solution. This transformation temperature corresponds to that of the Curie temperature of the Fe-25at%Al alloy [20].



The refinement of the thermogram of the Fe-25at%Al powder milled for 20 h (Figure 8a) makes it possible to show the different transformations overlapped in peaks. More specifically, it shows four exothermic transformations. The first one is a large transformation at 250 °C, denoted (1), corresponding to the structural relaxation of the disordered solid solution Fe(Al) formed during milling. The second transformation observed at 380 °C (noted (2)) corresponds to the recrystallization of the α-Fe phase. The third transformation observed at 400 °C (noted (3)) can correspond to the formation of the order solid solution Fe(Al). While the last thermal accident found at 550 °C (noted (4)) can be associated with the transformation of Fe(Al) solid solution to the nanostructured Fe3Al intermetallic [21]. Similarly, the refinement of the thermogram of the Fe-25at%Al powder milled for 40 h, presented in Figure 8b, allows for following the thermal stability of the final MA product. It shows five overlapping exothermic transformations: the first broad exothermic process, observed at the temperature of around 250 °C (denoted (1)), may correspond to the restoration and rearrangement of defects introduced in the disordered solid solution Fe(Al) obtained after 40 h milling. The second transformation observed at 400 °C (noted 2) corresponds to the recrystallization of the bcc-Fe(Al) phase. The third exothermic transformation observed at 460 °C (noted (3)) can correspond to the formation of the order solid solution bcc-Fe(Al). The fourth exothermic peak found at 560 °C (noted (4)) can be attributed to the exothermic transformation of supersaturated Fe(Al) solid solution to the nanostructured Fe3Al intermetallic [21]. While the last exothermic reaction found at 600 °C (noted (5)) can correspond to the formation of the Al13Fe4 intermetallic [16,22,23].



In order to understand more clearly the evolution of the exothermic transformations shown on the DSC trace during milling, the powder samples milled for 4, 10, 20, 30, and 40 h are annealed at 700 °C for 2 h and then analyzed by XRD to investigate the formed phases. The results confirm the formation of to Fe3Al and Al13Fe4 phases suggested in the interpretation of the DSC scans. The obtained XRD patterns are shown in Figure 9. The milled powders for 4 h show a small amount of FeO (Fm-3m, a = 4.33473 Å) [24] and Fe2O3 (Fd-3m, a = 8.55916 Å) [25] oxides formed after heating. In addition, good refinement of the XRD patterns identifies the presence of bcc-Fe3Al intermetallic (Im-3m; a = 2.87977(1) Å). The same phase has been detected in previous work [26]. The formation of iron oxide is associated with the oxygen that is adsorbed at the powder surface particles when exposed to air after heating. The same phases are identified for the milled powders after 10 and 20 h, indicating the ordering of the solid solution Fe(Al) to Fe3Al (Fm-3m, a = 2.8887 Å) [27]. The annealing of the milled powder for 30 h shows the appearance of the intermetallic phase Al13Fe4 (C2/m, a = 15.32 Å, b = 7.98 Å, c = 12.43 Å and β = 107.40) [28] with the presence of the Fe3Al intermetallic. The same results of refinement were determined for the milled powder for 40 h: the coexistence of the two intermetallic phases Fe3Al (Fm-3m, a = 2.8871 Å) and Al13Fe4 (C2/m, a = 15.312 (1) Å, b = 7.975(1) Å, c = 12.392 (1) Å and β = 107.42°).




3.3. Magnetic Analysis


Figure 10 shows the milling time dependence of the hysteresis loops, recorded at room temperature, of the Fe-25at%Al samples. The milled powders exhibit a ferromagnetic behavior with sigmoidal hysteresis curves that are usually observed in nanostructured samples with small magnetic domains [29]. The magnetic properties remain partially stable with the independence of the Fe(Al) solid solution content as determined by XRD analysis. The same effect has been found in previous works [19,26]. Thus the formation of the Fe(Al) phase does not drastically affect magnetic behavior, and the main influence will be related to the Fe atoms’ local environment and to Fe-Fe interatomic distance. Likewise, it is known that the magnetic properties depend strongly on the microstructure evolution, internal stress, particle shape anisotropy, magnetic anisotropy, and the magnetostriction of the materials [30]. All the samples are hard ferromagnetic at room temperature with a value of coercivity, Hc, superior to 125 Oe for all powders (See Table 1 for values of the saturation magnetization and coercivity) [31].



Initially, the Hc increases and attains a value of 744.44 Oe after 10 h of milling (Figure 11), and after 40 h reaches its maximum value of 776 Oe, all of the values were linked to soft–hard behavior. The increase in Hc originate from the residual stress and defects that are introduced during milling [30,32]. Then, the slight decrease after 10 h to the value of 726.4 Oe can be explained by the decrease in the magnetocrystalline anisotropy and stabilization of the crystallite size and lattice strains. At advanced milling times, the grain size is smaller than the magnetic exchange length. We applied the random anisotropy model, Hc depending on D6, because the domain wall effect diminishes, and each grain behaves as a single domain [33,34]. The Ms increased slightly from 155 emu/g to 175 emu/g during the first ten hours. Then, this parameter decreases to 163 emu/g after 20 h. Finally, the state observed at 40 h is with Ms around 167 emu/g. The slight increase in Ms during the first milling times can be attributed to the reaction between Al and Fe for the formation of the Fe(Al) solid solution. This is justified by the XRD pattern of the sample milled for 10 h. In addition, the decrease in Ms is mainly due to the interaction between the Fe atoms, ferromagnetic, and the Al atoms, non-ferromagnetic. The Al atoms decrease the magnetic moment of Fe individual sites due to a decrease in the direct interaction between ferromagnetic Fe-Fe sites and also an anti-ferromagnetic super-exchange interaction between the Fe sites mediated by Al atoms [35,36]. Ms increases beyond 20 h of milling; this can be attributed to the reduction in magnetocrystalline anisotropy due to grain refinement and the rotation of the domain walls that becomes easier. The crystallite sizes are in the nanometer range, and the magnetic grains still have a multi-domain structure. Thus, magnetism cannot be treated as single-domain particles with uniaxial anisotropy by neglecting the influence of magnetic walls [33]. As a consequence, the squareness ratio (Mr/Ms) of these samples is lower than 0.1.





4. Conclusions


A nanocrystalline bcc-Fe(Al) solid solution powder with a crystallite of about 10 nm has been synthesized from the mixture of Fe and Al elemental powders by the high-energy mechanical alloying process for 40 h.



At the early stage of the MA process, three phases, namely, Fe, Al, and Fe(Al), coexist in the milled powder. By increasing the milling time to 20 h, the Al peaks disappeared progressively, suggesting the progressive dissolution of Al in the Fe lattice.



The single phase of bcc-Fe(Al) was formed after the milling time exceeded 20 h. This obtained solid solution is not ordered due to atomic displacement and lattice defects (the dislocation density is around 1 × 10−16 m−2). After annealing at 700 °C for 2 h, ordered Fe3Al, and Al13Fe4 intermetallic are identified.



The DSC curves analysis identifies several overlapping broad exothermic peaks, related to the restoration and rearrangement of defects introduced followed by the recrystallization and the formation of ordered Fe3Al and Al13Fe4 intermetallic.



From the magnetic point of view, there is a correspondence between microstructural evolution and magnetic behavior in the form that decreasing the crystallite size increases coercivity. As a result, a harder ferromagnetic material is obtained.
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Figure 1. XRD patterns of the Fe-25at%Al powder mixtures in the initial state and after milling at selected milling times. 
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Figure 2. Evolution of phase proportions of the Fe-25at%Al powder mixtures refined as a function of milling time. 
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Figure 3. SEM-micrographs of the Fe-25at%Al powder mixtures obtained before (0 h) (a1,a2), and after milling for 12 (b1,b2), 20 (c1,c2), and 40 h (d1,d2). 
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Figure 4. EDS spectra of the Fe-25at%Al powder mixtures obtained after 12 h (a) and 40 h (b). 
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Figure 5. Variations of crystallite size and lattice strains of the Fe-25at%Al powder mixtures as a function of milling time. 
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Figure 6. Variations of lattice parameter and dislocation density of the Fe-25at%Al powder mixtures as a function of milling time. 






Figure 6. Variations of lattice parameter and dislocation density of the Fe-25at%Al powder mixtures as a function of milling time.



[image: Crystals 12 01430 g006]







[image: Crystals 12 01430 g007 550] 





Figure 7. DSC curves of the Fe-25at%Al powder mixtures mechanically alloyed at selected times (the numbers correspond to the peaks detected in each sample). 
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Figure 8. Typical examples of refined exothermic overlapped reactions in the case of the Fe-25at%Al powder mixtures mechanically alloyed at (a) 20 and (b) 40 h. Numbers correspond to processes explained in the main text. 






Figure 8. Typical examples of refined exothermic overlapped reactions in the case of the Fe-25at%Al powder mixtures mechanically alloyed at (a) 20 and (b) 40 h. Numbers correspond to processes explained in the main text.



[image: Crystals 12 01430 g008]







[image: Crystals 12 01430 g009 550] 





Figure 9. X-ray diffraction patterns of the mechanically alloyed Fe-25at%Al powder mixtures at selected milling times and annealed at 700 °C for 2 h. 
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Figure 10. Typical hysteresis loops of the mechanically alloyed Fe-25at%Al powder mixtures at selected times obtained at room temperature. 
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Figure 11. Variations of the saturation magnetization, Ms, and coercive field, Hc, of the Fe-25at%Al powder mixtures as a function of milling time. 
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Table 1. Thermal and magnetic results of the Fe-25at%Al powder mixtures as a function of milling time.
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Time (h)

	
Peak

	
T (°C)

	
ΔH (Jg−1)

	
Hc (Oe)

	
Ms (emu/g)

	
Mr (emu/g)






	
4

	
(1)

	
423

	
75.91

	
628.31

	
155.29

	
24.23




	
(2)

	
700

	
15.21




	
(3)

	
656

	
92.5




	
10

	
(1)

	
377

	
144.5

	
744.44

	
175.3369

	
33.08




	
(2)

	
552

	
295.5




	
20

	
(1)

	
250

	
155.5

	
726.40

	
184.0933

	
16.09




	
(2)

	
380

	
15.5




	
(3)

	
400

	
68.5




	
(4)

	
550

	
295.5




	
30

	
(1)

	
195

	
16.86

	
759.66

	
163.31

	
29.27




	
(2)

	
377

	
31.8




	
(3)

	
575

	
363




	
40

	
(1)

	
250

	
135.6

	
776.42

	
167.37

	
36.51




	
(2)

	
400

	
75.9




	
(3)

	
460

	
25.4




	
(4)

	
560

	
55.4




	
(5)

	
600

	
195.5
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