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Abstract

:

In this work, we analyze the influence of the milling device in the microstructural evolution of two Fe-X-B-Cu (X = Nb, NiZr) alloys produced by mechanical alloying (MA). The two milling devices are a planetary mil (P7) and a shaker mill (SPEX 8000). Microstructural analysis by X-ray diffraction detects the formation of a Fe rich solid solution. In the Fe-Nb-B-Cu alloy produced in the shaker mill also appears a Nb(B) minor phase, whereas in the Fe-NiZr-B-Cu alloy produced in the planetary mill, a minor disordered phase is formed. The comparative study regarding the energy transferred per unit of time in both devices determines that the shaker mill is more energetic. This fact explains that in the Fe-Nb-B-Cu alloy, Nb has not been introduced in the main Fe rich phase, whereas in the Fe-NiZr-B-Cu alloy milled in the shaker mill was formed the highly disordered phase. With regard to thermal analysis, the values of the apparent activation energies of the main crystallization process (above 200 kJ/mol) correspond to the crystalline growth of the nanocrystalline Fe rich phase.
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1. Introduction


Nanocrystalline soft magnetic alloys have been obtained by rapid solidification techniques as melt-spinning, MS, (ribbon shape) or by mechanical alloying, MA (powder shape) [1,2]. Melt-spun ribbons are usually amorphous and further annealing is needed to develop nanocrystalline structure by primary crystallization [3]. Mechanical alloying favors the direct formation of powdered nanocrystalline alloys, that can be compacted/sintered to produce bulk pieces [4].



The nanocrystalline alloys can be classified based on the crystallographic structure of the nanocrystalline phase. The bcc Fe based alloys developed by Suzuki and coworkers are known as Nanoperm [5]. Nanoperm alloys, particularly nanocrystalline Fe-(Zr, Nb)-B-Cu alloys, have good magnetic properties: High effective permeability (~20,000) and low coercivity (<3 A/m) and core loss (<100 W/kg) at room temperature. There are soft magnetic offering reduced core losses over a wide range of applied frequencies. These alloys are an alternative for industrial (automotive, green energy) applications: High precision energy meters, absorber cores for suppression of motor bearing currents, high frequency current transformers, push-pull transformers for power transistors, and current sensors [3,4,6]. Due to magnetocaloric effect of the ferromagnetic to paramagnetic transition, these materials have also been of interest for magnetic refrigeration [7]. The composition is a key factor. It is known that an excessive content of B favors the formation of an amorphous phase, as it was found in Fe75Nb10B15 [8], the increase of the coercivity and a decrease of the magnetization of saturation [9].



In the mechanical alloying process, the processing parameters influence the final microstructure and the functional properties. Milling parameters include the milling intensity, time and atmosphere, the ball-to-power weight ratio (BPR), the addition of a process control agent (PCA), and the filling factor of the vials. Some parameters, such as PCA, are linked to grain refinement [10], but the majority has a high influence in the energy transferred to the powders [11].



In this work, two Nanoperm alloys (Fe80Nb7B12Cu1 and Fe80(NiZr)7B12Cu1) have been produced in two milling devices (shaker mill, planetary ball mill) to detect their influence on the nanocrystalline bcc Fe rich phase formation. In the SPEX 8000 shaker mill, the jar containing powders is agitated at a high frequency in a complex cycle that involves motion in three orthogonal directions (combining back-and-forth swings with short lateral movements, each end of the vial describing a figure like an eight). In the P7 planetary mill, two jars are arranged eccentrically on a platform (opposite direction of rotation between platform and jars). Furthermore, crystallographic microstructure (after 80 h MA) was discussed by energy transfer models.




2. Materials and Methods


Mechanical alloying has been performed in a Spex 800 shaker mill (Spex, Metuchen, NJ, USA) and in a Fritsch Pulverisette 7 planetary mill (Fritsch, Idar-Oberstein, Germany). The experiments were performed in jars sealed inside an Ar-filled glove box to prevent oxidation. The milling (10 g of powders) was performed in both devices with Cr-Ni steel jars (45 mL capacity) and balls (7 balls, 12 mm diameter) for 5, 20, and 80 h. The initial filling factor was close to one half. In SPEX, the information by the provider is that the number of cycles (rotational speed or frequency of rotation) is 875 rpm, whereas in the P7, the selected cycles of the platform, Ω, and jars, ω, are the same, 600 rpm. The R radius of the platform (measured from the geometric center of the jar position to the center of the platform) of the P7 is rp = 7 cm and the internal radius of the jars rj = 1.7 cm. The internal radius of the SPEX jar is 2.1 cm. The ball radius rb is 0.6 cm in the Spex and 0.5 in the P7. The ball to powder weight ratio, BPR, used in both devices has been the same: 5.



The nominal composition of the two produced alloys were Fe80Nb7B12Cu1 and Fe80(NiZr)7B12Cu1 (at.%), labelled as A and B, respectively. Thus, depending on the mill device, the samples are labelled as: P7—A, SPEX—A, P7—B and SPEX—B. Elemental Fe, Nb, B, Cu powders, and NiZr compound (Sigma-Aldrich, Saint Louis, MO, USA) with high purity (<99.5%) and low particle size (Fe and Cu ~ 10 µm, B, B and Nb ~ 10 µm, NiZr < 100 µm) are mixed to obtain the desired composition. Likewise, NiZr compound was selected to avoid undesired oxidation of Zr.



The morphology, microstructure, and thermal behavior evolution as a function of milling time has been analyzed by scanning electron microscopy (SEM) coupled with compositional EDS spectroscopy microanalysis, X-Ray diffraction (XRD), and differential scanning calorimetry (DSC). SEM observations and EDS microanalysis were performed in a D500 device (Siemens/Bruker, Billerica, MA, USA); at least five micrographs/microanalyses for samples milled for 80 h. Thermal analysis was performed in a DSC822e calorimeter (Mettler-Toledo, Columbus, OH, USA); one experiment at 20 K/min for samples milled for 5 and 20 h, and four experiments for samples milled for 80 h. XRD experiments (before milling and after 5, 20, and 80 h of milling) were performed in a D8 Advance diffractometer (Siemens/Bruker, Billerica, MA, USA) using Cu-Kα radiation. XRD patterns analysis was performed by applying Rietveld refinement and the free software MAUD (Maud, Trento, Italy) [12].




3. Results and Discussion


3.1. Microstructure and Thermal Analysis


The XRD diffraction patterns of alloys A and B are given in Figure 1 and Figure 2, respectively. The main component is elemental Fe in both alloys. Thus, as expected, the main phase (higher reflections intensity) in all the diffraction patterns is the bcc Fe phase. The reflection peaks of this phase are (110), (200), (211), and (220). The minor peaks before milling correspond to Cu, Nb, and NiZr compound. Initial elemental B was amorphous. These reflections disappear after milling. The minor elements were introduced in solid solution in the bcc Fe rich phase, or remains in the grain boundaries [8,9]. Regarding the shape of the peaks, its width has increased considerably with the milling time, phenomena associated to a decrease in the crystalline size. The parameter of the goodness of fit, GOF, obtained from Rietveld refinement is lower than 1.25 for all XRD patterns. Regarding the shape of the peaks, its width has increased considerably with the milling time that seems to indicate a decrease in the crystalline size.



If one focuses in the XRD patterns after 5 h of milling in alloy A (Figure 1a), the Nb peaks are still present. With the peak (110) of the Nb, it was verified that, at its lower angular reflection, we began to notice an asymmetry. The result of this asymmetry was clearer after 20 h of milling (in sample A), in which pattern appears a double peak in the place where before there was only one. Whereas in sample B, there only appears the new low angular phase. The proximity of the two peaks seems to indicate a mutual relationship. This new phase forcibly has a cell parameter slightly higher than that of the elemental Nb since it is shifted to lower angular positions. In short, asymmetry that began to be present at 5 h was an incipient peak of a new phase of Nb(B), which becomes more evident at 20 h. The creation of this phase is favored by the negative mixing enthalpy between Nb and B (−39 kJ/mol), indicating an exothermic process, which has also been detected in the scientific literature [13].



The formation of borides (undesired phases due to the associated loss of improved soft magnetic behavior) was not detected. After 80 h of milling (A alloy), in SPEX only the Fe rich bcc solid solution was detected, whereas a minor amount (2.1%) of the mechanically induced Nb(B) phase remains in alloy A milled in the P7 device.



The analysis of the XRD patterns of alloy B shows significative differences. The main phase is the bcc Fe rich phase and the reflections of minor phases disappears during milling. It should be remarked that the NiZr phase has not been detected after milling (probably the integration of Zr in the NiZr compound favors the integration of both elements in the main solid solution. From 80 h MA XRD diffraction patterns analysis, it was found that in one case (milling in P7) there is only the majority solid solution; while in the other case (milling in SPEX), a highly disordered phase appears (about 3.2%). This phase has been previously detected [10] in alloys with Zr and is probably due to an incipient amorphous Zr rich phase.



The main parameters derived from the Rietveld refinement (Maud software); the lattice parameter, a, the crystalline size, L, and the microstrain, ε, were given in Table 1, Table 2 and Table 3, respectively (as a function of the milling time). The values are calculated with the isotropic model. Thus, they are calculated from refinement weighted analysis of the reflections of the bcc Fe rich phase, and the error is associated to both the isotropic model and the mixed refinement of all parameters.



The milling process favors the increase of the lattice parameter. This effect is due to the introduction of mechanically induced crystallographic defects (vacancies, dislocations) and to the solid solution of minor elements in the bcc phase. The highest value, 2.8832 ± 0.0003 Å, corresponds to alloy P7—A milled for 80 h. The lower values are found in samples without an additional second minor phase. Probably, these low parameters are due to the no solid solution of Nb and Zr (a high amount of Nb and Zr atoms remains in the Nb(B) and disordered phases, respectively).



The milling process favors the decrease of the crystalline size and the increase of the microstrain. It should be remarked that low crystalline size is calculated in those alloys (P7—A and SPEX—B milled for 80 h) with a minor secondary phase. One explication is that the Nb(B) and the disordered Zr rich phases formation favors the intra-division of the highly deformed crystals. The increase on the microstrain is due to the mechanically induced crystallographic defects.



The density of dislocation (of the bcc phase) was calculated (see Table 4) from crystallographic parameters (from Table 2 and Table 3) by applying the following equation [14]:


ρ = 2 × √3 (ε/Lb),



(1)







In this equation, b is the Burgers vector. For the bcc crystallographic phase, the direction of easy dislocations concentration is (1 1 1). In this case, the Burgers vector is:


b = a √3/2,



(2)







The general trend, as expected, it is the increase of the dislocations density as increasing the milling time. Higher values are calculated in those samples milled (80 h) in the planetary mill. The results are close to the expected limit of the dislocation density (plastic deformation) in bcc Fe (1016 m−2) [15]. It should be remarked than XRD methods sometimes can provide higher values of the dislocations density than transmission electron microscopy (TEM) analysis [16]. TEM values are considered as more accurate due to direct local observation. Nevertheless, the milling process favors inhomogeneity in the crystallographic defects.



The morphology of the powders after 80 h of milling was checked with SEM micrographs (as shown in Figure 3). There are rounded particles with smooth shape.



In order to analyze the particle size and its distribution, the particle size of several micrographs of each sample have been measured. The results are shown in Figure 4. To facilitate the comparison, the results were fitted with a log-normal distribution with the mean, μ, and the shape parameter (square root of variance), σ, values are given in Table 5.



The higher mean value was found in sample SPEX—A, whereas the high shape parameter values are found in B samples. No correlation has been detected between these parameters (micrometric scale) and the XRD results (nanometric scale).



Likewise, compositional analysis was performed (80 h of milling) with EDS microanalysis. The measurements indicates that the contamination from the milling tools is lower than 1.5 ± 0.5 at.%; typical results coherent with those previously found [10,16]. Oxygen is also found, probably favored by the high surface area of the particles in contact with air after the milling process. Values are lower than 2.5 ± 0.5 at.%.



Additional thermal analysis has been performed from DSC scans. The analysis of the evolution of the thermal behavior has been carried out after 5, 20, and 80 h of milling at 10 K/min as the heating rate. The DSC scans (5 to 80 h of milling) of A and B samples are given in Figure 5 and Figure 6, respectively. DSC after 80 h of milling were reported on ref. [17]. Here we discuss the process evolution and the kinetic analysis.



In all scans, multiple exothermic processes are observed in wide intervals of temperature and with a certain degree of overlap. Exothermic processes at lowest temperature (below 400 °C) were associated with relaxation phenomena (caused by a decrease of the free volume after relaxation of the mechanically induced tensions at the micro and nanoscale). Furthermore, thermal treatment also favors the reduction of the crystallographic defects and local inhomogeneity by atomic diffusion. The exothermic processes at higher temperatures were associated with crystallization (nucleation and/or crystalline growth). This complex behavior is typical of nanocrystalline alloys produced by mechanical alloying [9,18]. In all DSC at 80 h, the main peak is remarked with an arrow. The peak temperature is higher (Tp > 500 °C) in samples milled with a shaker mill if compared with the temperature of the samples milled in the planetary mill (Tp < 500 °C). Probably, higher energetic milling favors higher internal local temperature and atomic diffusion [18].



On the other hand, the apparent activation of the crystallization processes (those remarked with an arrow) has also been calculated by applying Kissinger’s linear method at heating rates of 10, 20, 30, and 40 K/min. Kissinger’s method is based on the relationship between the peak temperature, Tp, and the scan rate, β. The linear fitting is shown in Figure 7, and the apparent activation energies are given in Table 6. The activation energy is determined from the slope of the linear fit, by applying the following relation (R is the universal gas constant):


E = −R/(1000 Tp),



(3)







The activation energies are higher in samples milled in the shaker mill, and a possible hypothesis is that it was favored by different milling energy transfer (higher energy can favor diffusion and the homogeneity of the alloys, stabilizing against crystalline growth). Local inhomogeneities can act as preferential sites for crystalline growth, reducing the activation energy. An alternative hypothesis is the content of oxygen, higher (~0.5–0.8 at.%) in powders milled in the shaker mill. More work will be provided to reach a definitive explanation. Likewise, the energy of activation values were characteristic for each type of reaction [19]. According to the bibliography, the activation energy for the crystal growth of Fe based nanocrystalline samples are around 140 kJ/mol [20] for pure iron. In samples containing additional elements, these energies can have higher/lower values. In Fe-Co-Nb-B alloys obtained by MA, energies between 238 and 261 kJ/mol have been calculated [21]. For amorphous samples in which a new phase must be nucleated, energies have values and are around 300 kJ/mol [22] or 365 kJ/mol [23], or even 425 and 550 kJ/mol in Fe-Nb-B alloys [24].



Thus, all of the analyzed crystallization process can be associated to the crystalline growth of the pre-existing Fe rich solid solution.




3.2. Mills Comparison


If we compare the phases detected by XRD after 80 h of milling, it is found that:




	(a)

	
In the composition with Nb milled in SPEX, only the Fe rich solid solution has been detected. Whereas, in the Nb alloy milled in P7, the major phase is the Fe rich bcc phase coexisting with a low amount of a Nb(B) phase.




	(b)

	
In the composition with Zr milled in SPEX, the Fe rich solid solution coexists with a minor disordered phase. Whereas, in the alloy milled in P7, this phase was not formed.









The results indicate that probably the milling is more energetic and efficient in SPEX. In one case, at 80 h in the P7, it was not possible to obtain a single phase (it would surely be necessary to increase the milling time to promote the Nb(B) phase disappearance and the integration of the Nb, via solid solution or in the grain boundaries). In the other, in the SPEX, the more energetic milling favors the formation of a disordered phase.



Likewise, from DSC scans we can state that the higher thermal stability (of the analyzed crystallization process) was found in the samples milled in the shaker mill. The criteria for a higher thermal stability of the nanocrystalline phase were high temperature of transformation and high activation energy.



A comparative study was performed to analyze the transfer of energy in both milling devices. This factor must influence the milling time needed to develop specific microstructural changes, such as nanocrystallinity. In the bibliography, there are multiple comparative studies between ball milling devices at the laboratory level. These are based on the comparison via experimental data and/or simulations. Overall, these studies usually conclude that the planetary mills were less energetic than the shaker mills as SPEX. Mathematic ab initio models have been applied to study MA process [25]. Moreover, experimental data to determine the speed of balls or rotation of milling vials [26]. These works are generally based on energy transferred during milling [27]. To make a comparison a useful parameter was the ratio between the power transmitted and the powder mass (P/m).



One of the problems associated with the energetic comparison of mills is the differences in the motion. Another question is that the factors involved are multiple and there are complex relationships between them: Rotation frequencies, number and characteristics of the balls, geometry vials, degree of container filling, powder mass, energy transfer, temperature, milling atmosphere, frequency of interactions, etc. Furthermore, real processes have a distribution of energies involved in collisions due to a distribution of ball velocities in the shocks [28]. Some of the studies carried out take into account the direct comparison of shaker Spex and planetary mills [19,29].



First, for the comparison between both devices, we apply the method described in ref. [29]. In order to evaluate the total energy transferred to the powder during milling, it is necessary to know the ball velocity. In the Spex device, the ball velocity given in ref. [29] is v = 2.5 m/s. To have an equivalent value in the P7, the following formula has been chosen to determine the speed, v, of ball impact [30].


v2 = (rp Ω)2 + (rj − rb)2 ω2 (1 + (2ω/Ω)



(4)







As introduced in the Section 2, in SPEX the cycles are 875 rpm, whereas in the P7 the selected number of cycles (jar, platform) is ω = Ω = 600 rpm. The P7 radius of the platform rp = 7 cm, the ball radius rb is 0.5 cm for P7; and the internal radius of the jar rj = 1.7 cm. The calculated velocity is v = 0.79 m/s. Obviously, these values should be considered for devices comparison, and real energy transfers have a distribution of speeds. Other models provide different velocities, as an example, the expression of reference [31] provides a value of v = 2.04 m/s for P7.



Regarding the kinetic energy, Ec, transferred by a ball in the planetary mill, it can be calculated directly from the velocity. The calculated value is 0.002 J. The equivalent calculation in the shaker was calculated in ref. [29], and the kinetic energy is 0.026 J.



The normalized (by unit mass of powder) total energy (E/m) transferred at a given milling time, t, was calculated by taking into account the following expression [32]:


E/m = (nEct/m)



(5)




where n is the balls number. As shown in Table 7, the calculated values for 80 h of milling are (E/m)SPEX = 5193 J/g and (E/m)P7 = 3752 J/g. Thus, milling is more energetic in the Spex device.



The applied model considers that the frequency of impacts (events frequency) is equivalent in both devices. This factor is inversely proportional to the time between shock events on milling. The sliding factor influences the time it takes for the balls to separate from the container wall, the takeoff time, tt. The increase in this time reduces the frequency of collisions. It is also necessary to determine a flight time of the ball before impact. Obviously, there is a distribution of speeds as well as energy and time. However, it should be taken into account that we need to stablish an easy way to compare both devices with characteristic mean parameters.



The ball detaches from the container wall when the value of the contact force is zero. The takeoff time can be estimated by applying the following expression [33]:


tt = (1/(Ω + ω)) arccos (−(ω2 r/Ω2 R)),



(6)







In the P7 device this time is tt = 0.076 s. Likewise, the flight time tf (between detachment and collision) is also linked to the period (inverse of the frequency) in planetary mills. Thus, the period is higher in P7. The P7 flight time is determined by using the relationship given in Figure 8 [19]. The calculated time is tf = 0.013 s.



Consequently, the total time [19], its sum, is tt + tf (P7) = 0.089 s. In the SPEX device, the bibliography data were used: tt = 0.0073 s and tf = 0.0269 s that drive to tt + tf (SPEX) = 0.0342 s. As the total time is higher in the planetary mill, the events frequency (for unit time) is higher in the shaker mill.



Thus, from the time between collisions, the shaker mill is also more effective. Likewise, the results obtained in this study cannot be directly based in this total time because the final microstructure varies (sometimes appears a second minor phase).



Therefore, SPEX mill is more energetically efficient than the P7 planetary mill (in the processing conditions of our study).



On the other hand, it is possible to calculate an equivalent milling time between different mills [34,35]. The calculation of this equivalent time is based on the assumption that the power transferred per unit of mass (P/m) is directly proportional to the time so that in two different devices the powder achieves the same final microstructure. It can be determined by applying the following equation:


(P/m)SPEX = φ (P(Ωo)/m)P7 (Ω/Ωo)3,



(7)







This approach has been previously applied in FeNb and FeZr alloys [35]. In our study, the cycles ratio in the P7 is 1 (Ω = Ωo= 600 rpm). From the previous calculations, we can calculate φ that is a proportionality factor, φ = 1.384. Thus, equation 6 is reduced to:


(P/m)SPEX = φ (P(Ωo)/m)P7,



(8)







The equivalent milling time, teq, can be calculated by applying [19]:


teq= ((P/m)SPEX/(P(Ωo)/m)P7) t,



(9)







It has been estimated (from Table 7 data) that the time required in the P7 for the same energy transfer is 1.384 higher than for SPEX. Obviously, there are many factors modifying the consequences of this equivalent time. Sometimes the MA process is not energetic enough to obtain a concrete microstructure. For example, by modifying the milling conditions, the achieved microstructure can be nanocrystalline or amorphous [36]. Other possibilities are that the energy transfer facilitates the extension of the solubility limits or the formation of intermetallic compounds [24,37]. In alloy A, the energy/power transfer is not enough to obtain only the bcc Fe rich solid solution in the planetary mill (Nb(B) phase remains after 80 h of milling), and in alloy B the high energy/power transfer in shaker mill favors the formation of an incipient amorphous phase. Additional experiments, with alloys of similar composition and/or by repeating production process will confirm the general trend found in this work.





4. Conclusions


Two alloys, Fe80Nb7B12Cu1 (A) and Fe80(NiZr)7B12Cu1 (B), have been produced in two milling devices, a shaker mill (SPEX) and a planetary mill (P7). In the sample A milled in the shaker device and in sample B milled in the planetary mill only an Fe rich solid solution was detected by XRD after 80 h of MA. Instead, in the sample A milled in the planetary mill a low percentage of a Nb(B) phase was also detected; whereas in the sample B shaker milled the Fe rich solid solution coexist with a minor disordered phase. Additional thermal analysis permits us to establish that the analyzed crystallization process is due to crystalline growth, and the thermal stability is higher in samples milled in the shaker mill (higher temperature of crystallization and activation energy).



The results indicate that probably the milling is more energetic and efficient in the shaker mill. The equivalent time required in the planetary mill for the same energy transfer is 1.384 higher. In alloy A, the energy/power transfer is not enough to obtain only the bcc Fe rich solid solution in the planetary mill (a minor Nb(B) phase remains), and in sample B the high energy/power transfer in shaker mill favors the formation of a disordered Zr rich phase.
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Figure 1. XRD (X-Ray diffraction) patterns of alloy A (Fe80Nb7B12Cu1). In the P7: (a) Before milling (0 h) and after milling ((b) 5 h, (c) 20 h, (d) 80 h); or in the Spex mill: (e) Before milling (0 h) and after milling ((f) 5 h, (g) 20 h, (h) 80 h). Bcc Fe rich solid solution (+), Nb phase (X), Nb(B) phase (#). 






Figure 1. XRD (X-Ray diffraction) patterns of alloy A (Fe80Nb7B12Cu1). In the P7: (a) Before milling (0 h) and after milling ((b) 5 h, (c) 20 h, (d) 80 h); or in the Spex mill: (e) Before milling (0 h) and after milling ((f) 5 h, (g) 20 h, (h) 80 h). Bcc Fe rich solid solution (+), Nb phase (X), Nb(B) phase (#).
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Figure 2. XRD diffraction patterns of alloy B (Fe80(NiZr)7B12Cu1). In the P7: (a) Before milling (0 h) and after milling ((b) 5 h, (c) 20 h, (d) 80 h); or in the Spex mill: (e) Before milling (0 h) and after milling ((f) 5 h, (g) 20 h, (h) 80 h). Bcc Fe rich solid solution (+), disordered phase (O). 
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Figure 3. SEM micrographs after 80 h milling of samples: (a) P7—A, (b) SPEX—A, (c) P7—B, and (d) SPEX—B. 
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Figure 4. Particle size frequency distribution after 80 h milling of samples: (a) P7—A, (b) SPEX—A, (c) P7—B, and (d) SPEX—B. 
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Figure 5. DSC (differential scanning calorimetry) scans of alloy A after milling (5, 20, 80 h) in the P7 (a) or in the Spex (b) mill. 
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Figure 6. DSC scans of alloy B after milling (5, 20, 80 h) in the P7 (a) or in the Spex (b) mill. 
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Figure 7. Kissinger linear fitting to calculate the activation energy of the crystallization process (experimental point for each sample are linked to peak temperatures of samples determined at 10, 20, 30, and 40 K/min from right to left respectively). Coefficients of correlation R-squared > 0.9. 
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Figure 8. Flight time, tf, as a function of the period T, (+, this work; red line, [19]). 
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Table 1. Lattice parameter, a (Å), of the cubic bcc Fe main phase.
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	Sample/Milling Time
	0 h
	5 h
	20 h
	80 h





	P7—A
	2.8608 ± 0.0001
	2.8681 ± 0.0002
	2.8731 ± 0.0002
	2.8832 ± 0.0003



	SPEX—A
	2.8608 ± 0.0001
	2.8659 ± 0.0001
	2.8706 ± 0.0002
	2.8694 ± 0.0002



	P7—B
	2.8608 ± 0.0001
	2.8664 ± 0.0001
	2.8699 ± 0.0002
	2.8705 ± 0.0002



	SPEX—B
	2.8608 ± 0.0001
	2.8642 ± 0.0002
	2.8672 ± 0.0002
	2.8719 ± 0.0003
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Table 2. Crystalline size, L (nm), of the cubic bcc Fe main phase.
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	Sample/Milling Time
	0 h
	5 h
	20 h
	80 h





	P7—A
	237 ± 8
	19.9 ± 0.9
	14 ± 1
	9.9 0.4



	SPEX—A
	237 ± 8
	36 ± 3
	15 ± 1
	15 ± 1



	P7—B
	237 ± 8
	29.3 ± 0.9
	15.7 ± 0.6
	13.4 ± 0.5



	SPEX—B
	237 ± 8
	16.5 ± 0.9
	11.5 ± 0.7
	9.5 ± 0.5
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Table 3. Microstrain, ε (%), of the cubic bcc Fe main phase.
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	Sample/Milling Time
	0 h
	5 h
	20 h
	80 h





	P7—A
	0.028 ± 0.003
	0.10 ± 0.02
	0.41 ± 0.08
	0.66 ± 0.05



	SPEX—A
	0.028 ± 0.003
	0.22 ± 0.02
	0.42 ± 0.03
	0.61 ± 0.02



	P7—B
	0.028 ± 0.003
	0.02 ± 0.01
	0.47 ± 0.02
	0.59 ± 0.06



	SPEX—B
	0.028 ± 0.003
	0.19 ± 0.02
	0.44 ± 0.04
	0.40 ± 0.03
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Table 4. Dislocations density, ρ (1015 m−2), of the cubic bcc Fe main phase.
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	Sample/Milling Time
	0 h
	5 h
	20 h
	80 h





	P7—A
	0.0323 ± 0.003
	1.10 ± 0.09
	4.58 ± 0.08
	9.72 ± 0.07



	SPEX—A
	0.0323 ± 0.003
	1.12 ± 0.08
	4.44 ± 0.03
	6.22 ± 0.05



	P7—B
	0.0323 ± 0.003
	0.07 ± 0.05
	4.91 ± 0.12
	7.32 ± 0.08



	SPEX—B
	0.0323 ± 0.003
	1.10 ± 0.09
	4.11 ± 0.09
	7.08 ± 0.07
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Table 5. Parameters (mean, μ, and shape parameter, σ) of the log-normal distribution.
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	Sample
	μ /10−6 m
	σ /10−6 m





	P7—A
	2.4458
	1.5367



	SPEX—A
	5.5279
	1.9658



	P7—B
	3.9970
	2.4863



	SPEX—B
	3.2053
	2.5755
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Table 6. Apparent activation energy of the crystallization process.
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	Sample
	E kJ mol−1





	P7—A
	87 ± 11



	SPEX—A
	263 ± 21



	P7—B
	144 ± 13



	SPEX—B
	225 ± 44
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Table 7. Ball velocity, kinetic energy, and total energy of Spex and P7.
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	Mill
	Ball Velocity

m/s
	Kinetic Energy

J
	(E/m)

J/g





	P7
	0.79
	0.002
	3752



	SPEX
	2.5
	0.026
	5193
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