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Abstract

:

Binary and ternary (with the addition of Mn) TiFe-based intermetallic compound powders were fabricated by high energy ball milling, and their electrochemical behavior as negative electrodes was investigated in 6M-KOH. X-ray diffraction exhibited the single phase of nanostructured binary and ternary TiFe-based crystallites after 20 h of milling followed the amorphous phase formation. Addition of Mn increased peak broadening and in turn decreased the nanocrystallite size of TiFe. Electrode properties of 20, 40, 60, and 70 h binary milled products showed that the discharge capacity of the 60 h one offered a maximum discharge capacity of ~169 mAhg−1. Although substitution of Mn for Ti (Ti1−xFeMnx, x = 0.1, 0.2) caused a decrease in initial discharge capacity, the periodic stability increased compared to the binary TiFe and ternary TiFe1-xMnx (x = 0.1, 0.2). The ternary Ti0.9FeMn0.1 electrode maintained ~53% of its initial discharge capacity after five cycles of charge–discharge; this was just 28% in the case of binary TiFe electrode.
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1. Introduction


Hydrogen as a source of clean energy is considered as an alternative to the fossil fuels-based economy and can be used in the production of electrical power, employing internal combustion engines, fuel cells, or batteries [1]. In the case of batteries, hydrogen can form interstitial solid solution with electrode material. In fact, hydrogen diffuses into the interstitial sites of the host metal during charging cycle and forms a metal hydride (MH) [2]. One of the main applications of these hydride alloys is the negative electrode (anode) of nickel–metal hydride (NiMH) rechargeable batteries [3]. It was shown that the demand for NiMH batteries increased steadily to about USD 900 million in 2012 [4]. Nickel–metal hydride batteries are rechargeable like the conventional Ni–Cd batteries but have a higher discharge capacity. Due to the absence of toxic elements such as Cd, they are well compatible with the environment and a suitable alternative to Ni–Cd batteries [3]. Hydrogen storage alloys as negative electrodes must have special characteristics such as high electrochemical capacity, high catalytic activity, and resistance to oxidation.



The intermetallic compound TiFe of cubic CsCl-type structure is one of the most attractive hydrogen storage materials due to its low cost, non-toxicity, and reversible hydrogen-absorbing/releasing capacity (up to 1.9 wt.%) [5,6]. It is lighter and cheaper than LaNi5 alloys (anode material for commercial NiMH batteries). However, the application of TiFe intermetallic alloy in batteries is limited mainly because of the need of a quite tough activation treatment and also slow hydrogen charge/discharge kinetics [7]. The activation treatment arises from the fact that TiFe does not readily absorb hydrogen since TiFe is sensitive to air moisture and might react with it, forming oxides and hydroxides and then hindering the first absorption reaction with hydrogen; this was effectively overcome by using high-energy ball milling (HEBM) for the production of TiFe powder due to the reduction of particle size and creation of new clean surfaces [8,9]. HEBM is a solid state synthesis technique for fabricating nanostructured powder materials; an alloy or compound is formed without the melting state by intense deformation of initial various powders. The ball/powder/cup collisions cause powder fracturing and cold welding, producing clean interfaces at the atomic scale. HEBM represents one of the most efficient and low-cost processes to fabricate metallic powders with fine microstructures and dimensions. The associated violent deformation pushes atoms into the positions of newly formed powder material with a fine nanostructure known to improve greatly the kinetics and activation [10].



In order to further improve the charge/discharge kinetics of the TiFe intermetallic compound, its elements can be partially substituted with transition metals [11,12,13,14]. By partial substitution of other atoms, the density of crystal defects increases, and in addition, lattice distortion occurs. Moreover, there is a tendency to form oxide film (titanium oxide) changes, and these can facilitate the increase in the permeability of hydrogen into TiFe structure. So far, a few researchers have reported for hydrogen absorption/desorption or charge/discharge in the solid state (hydride) in TiFe nanostructures with different microstructures and different additives. Various alloying elements such as Ni [11], Co [12], Pd [13], Al, and Cr [14] have been used as additives in the TiFe-based alloys.



The aim of the current research is to produce TiFe-based nanocrystalline alloy with different amounts of Mn. Ti and Fe were partially replaced by Mn. Mn is a well-known catalyst for hydrogenation of various metal hydrides [15]. Mainly, the effect of Mn addition was investigated on the kinetics of hydrogen absorption/desorption of TiFe–based hydrogen storage materials; partial substitution of Fe by Mn is also reported to reduce the need of alloy activation and moreover promotes lower equilibrium pressures at room temperature for hydrogen [16,17,18], Thus, substituted Ti(Fe1−xMnx)0.9 alloys combine easy activation and low plateau pressures at room temperature, being good candidates for hydrogen storage applications near normal conditions of pressure and temperature [16].



In the present investigation, we aimed to find Mn role on the properties of TiFe-based electrodes. In order to prepare nanostructured powder products, the HEBM method was used. The effect of milling variables and the composition of the initial powder mixture on the chemical composition, crystal structure, and morphology of the milled products were investigated. Additionally, the effect of pellet composition, milling time, and Mn addition on electrochemical properties was investigated. The main goal is to determine the appropriate amount of Mn additive in order to achieve the best electrochemical properties.




2. Experimental Procedure


2.1. Materials and Instrumentation


Fe powder (purity of 99.9% and particle size less than 20 µm from Merck Inc., Darmstadt, Germany), Ti powder (purity of 99.9% and particle size of about 20 µm, Merck Inc., Darmstadt, Germany), and Mn powder (purity of 99.9% and particle size of about 5 µm, Merck Inc., Darmstadt, Germany) were purchased.



X-ray diffraction method (XRD, Rigaku – Dmax2500, Tokyo, Japan) under Cu-Kα single-wave radiation at a current of 40 mA and a voltage of 40 kV and a step size of 0.02 degrees and a step time of 0.25 s in the angular range of (20–100°) was used to study the phase and structural changes of the products. Microstructural studies were performed using scanning electron microscopy (SEM, Cam scan MV2300, 20 kV, Ontario, Canada). The differential calorimetry test was also performed by a differential scanning calorimeter (DSC, PerkinElmer STA 6000, Waltham, MA, USA) under argon gas and with a heating rate of 10 °C min−1. Electrochemical tests were performed using a potentiostat/galvanostat instrument (model WPG100e, WonATech co., Seoul, South Korea).




2.2. High-Energy Ball Milling


The HEBM process was carried out by a planetary mill in electroplated steel chambers under argon gas atmosphere (99.9995%). Table 1 lists the specifications of the milling machine and the milling variables.



The mill has two chambers. Due to the oxidation of Ti in the air, chambers were filled by argon gas to prevent the reaction of air gases with the powders. The milling time varied up to 90 h (h). The binary powder composition of Ti and Fe is 50:50 atomic ratio and ternary alloys were produced according to Table 2.




2.3. Investigation of Crystal Size and Lattice Strain


The Williamson–Hall equation was used to calculate the crystallite size and lattice strain [19]:


  β =   0.9   λ   t cos θ   + 4 ε tan θ    



(1)




where β is the full width at half maximum (FWHM) of peak in radians, λ is the wavelength of the X-ray, t is the average diameter of the crystallites, θ is the Bragg angle, and ε is the lattice strain.


   β  r e a l  2  =  β  o b s  2  −  β  i n s t  2   



(2)




where βreal is the actual broadening of the diffraction line caused by the reduction of grain size and lattice strain, βobs is the broadening observed from the pattern (measured value), and βinst is the broadening related to the instrument (diffractometer).



According to the straight line of βcos θ vs. 4sin θ, the lattice strain value (the line gradient) and the average size of the grains (line intercept) were calculated.




2.4. Electrochemical Experiments


In order to make the MH negative electrode for electrochemical tests, 125 mg of the powder of milled alloys was mixed with pure spherical shape Ni powder (99.5%, ≤1 μm, Merck Inc.) as an electrical conductor in a ratio of 1:4. Each obtained mixture was pressed to a pellet of 10 mm diameter and 3 mm height using a manual press under a pressure of 30 MPa. Each electrode was named with its milled product code.



A tri-electrode half-cell was used for electrochemical measurements; the fabricated MH electrode as a working electrode, a high surface area nickel wire as the counter electrode, and an Hg/HgO electrode as a reference electrode were used. KOH (6 mol/L) solution was used as electrolyte. Electrochemical experiments were conducted using a WonATech WPG100e potentiostat/galvanostat. In order to study the discharge capacity and cyclic stability, the electrodes were charged at a current density of 800 mA/g for 40 min (enough for full hydrogen evolution), and they were discharged relative to the reference electrode after the 5 min rest (open circuit) with a current density of 80 mA/g until the stopping (cut-off) potential of −0.6 V versus the reference electrode. This process was also repeated for several cycles of charging and discharging. Charge transfer reaction in Ni–MH batteries is based on reversible shuttling of hydrogen proton between positive and negative electrodes. The reactions at charge (left to right) and reversible discharge are as follows [20]:


Positive electrode (cathode): Ni (OH)2(s) + OH−(aqueous) ↔ NiO (OH)(s) + H2O(l) + e−










Negative electrode (anode): M(s) + H2O(l) + e ↔ MH(s) + OH−(aqueous)











The overall cell reaction is as follows:


Ni (OH)2(s) + M (s) ↔ NiO(OH)(s) + MH (s)








where s, l, and M represent solid, liquid, and a metal hydride alloys, respectively, that are capable of reversibly absorbing and desorbing hydrogen atoms.





3. Results and Discussion


3.1. Structural Characterization of the HEBM Products


In order to achieve the TiFe intermetallic phase, HEBM was performed using 20 mm balls at a speed of 450 rpm. Figure 1 shows the XRD patterns of TiFe milled products after different milling times.



According to Figure 1, the solubility of Ti and Fe increases gradually during the HEBM process. The formation of solid solution is a manifestation of mechanical alloying phenomena due to severe plastic deformation of cold welded powders. Severe plastic deformation makes the particle size smaller and reduces the crystallite sizes of Ti and Fe powder particles. Therefore, the surface area of grain boundaries increases, which reduces the distance between the particles and accelerates the diffusion of the two elements.



Nanocrystalline materials are two-component systems consisting of nanocrystals and grain boundaries/interfaces. The distribution of grain boundaries in a material is expressed as 3δ/d, where δ is the grain boundary thickness and d is the crystallite size [21]. Usually, the interface width is about 1.2 nm [22]. As a result, the 30 h milled product showed a TiFe-based crystallite size of ~9.9 nm, and contains ~36.36% areas of grain boundaries. In addition, during mechanical alloying, severe deformation causes the formation of defects in the particles and creates local stresses across the grain boundaries and develops a high energy level for nanocrystals. Moreover, substantial increase in temperature occurs during mechanical alloying that accelerates the diffusion process. On the other hand, it provides equilibrium conditions in the powder mixture and reduces the solid-state solubility. Therefore, it balances the alloyed system and provides a stable condition, which ultimately leads to the formation of a homogeneous solid solution during mechanical alloying.



According to the XRD results, broadened peaks of Fe and Ti were found after 5 h of milling. As the milling time extended to 10 h, the peaks are broadened in the 2θ degrees of 40–45, which indicated the formation of partially amorphous phase in the milled product. Fe peaks can be distinguished, but Ti peaks can hardly be detected. After 10 h of milling, the TiFe intermetallic compound gradually appears. This nanocrystalline phase becomes dominant in the 15 h milled product. In addition, there is also a substantial amorphous phase that broadened the main peak in an asymmetrical fashion. The single phase of nanocrystalline TiFe was found after 20 h of milling. TiFe peaks intensities increased with the increase of milling time (Figure 1). Jurczyk et al. (9) conducted mechanical alloying of Ti–Fe powder mixture (53.85 wt.% Ti 146.15 wt.% Fe) subjected to milling for increasing time using SPEX 8000 Mixer Mill and found that the powder mixture milled for more than 25 h transformed completely to the amorphous phase without formation of another phase. However, formation of the nanocrystalline TiFe was achieved by annealing the amorphous material in a high purity argon atmosphere at 750 C for 0.5 h; this reflects that the milling parameters of the present investigation provided the required energy for the formation of TiFe nanocrystal, and thus, there was no need for the subsequent annealing treatment. In another investigation on mechanical alloying of TiFe using elemental powder mixture, milling times of 2.5, 5, 10, and 20 h were employed [23]. It was found that TiFe single-phase alloy with CsCl-type structure was synthesized after 20 h of ball milling followed the amorphous phase formation, which is in agreement with the present work. However, here it was shown the formation of TiFe intermetallic compound occurred after 15 h of milling.



In the case of milled products of powder mixtures with Mn substituted for Fe, single-phase TiFe-based crystallites were achieved after 20 h of milling; however, the XRD pattern of the Fe10 milled product exhibited more peak broadening and in turn smaller mean crystallite size. The XRD patterns of the Fe10 milled product after different milling times are presented in Figure 2.



After 10 h of milling, peaks related to Ti and Mn can hardly be detected. Broadened Fe peaks were found that shifted slightly to lower angles. Calculations showed that the Fe lattice constant increased (Figure 3); this reflects of the diffusion of Ti and Mn in Fe lattice. As can be seen in Figure 2, after 15 h of milling, the XRD pattern is consistent with the dominance of a ternary amorphous phase.



Nanocrystalline TiFe intermetallic compound formed from ternary solid solution of Mn substituted for Fe after 20 h of milling. The intensities of its diffraction peaks gradually increased by increasing the milling time.



In the case of the milled products with Mn substituted for Ti, Fe and Ti diffraction lines showed broadening and their intensities exhibited decreasing after 5 h of milling (e.g., Figure 4 for Ti20); however, no reflection was found related to Mn. The initial formation of nanocrystalline TiFe occurred after 10 h of milling. It is clear that addition of Mn for Ti not only kinetically speeds up the formation of TiFe-based crystallites but also decreased its mean size due to the associated peak broadening. Peaks of Ti can hardly be detected, while peaks related to Fe were found even up to 15 h of milling. Dominant TiFe-based nanocrystallites were achieved after 20 h of milling. In general, the XRD patterns of Ti20 milled product exhibited more peak broadening than those of the binary TiFe and ternary compositions with Mn substituted for Fe; this means that smaller size of TiFe-based nanocrystallites were produced.



In order to show structural changes of the powder mixtures by HEBM, it is better to study the milled products after 10 h of milling where initial crystal structure are observed together with the formation of TiFe-based crystallites. Regarding this, and for comparison, the XRD patterns of TiFe, Ti20, and Fe20 milled products after 10 h of milling are presented in Figure 5.



As can be seen, in all milled products, the intensities of the diffraction peaks of Ti and Fe gradually decreased and the width of peaks increased as the milling time increased. The broadening of peaks shows that the crystallite size decreases rapidly with the start of milling. In addition, the shift of Fe and Ti main peaks is observed. According to Bragg’s law and atomic radiuses of Fe (0.124 nm) and Ti (0.147 nm), the diffusion of Ti atoms in Fe increases the lattice constant and thus shifts the XRD peaks of Fe to lower angles. Moreover, since the diffusion coefficient of Ti in Fe is larger than the diffusion coefficient in Ti itself, Ti substitutes in the Fe lattice. As the milling time increases, the defects and dislocations increase so that the diffusion rate of Ti increases and in turn the lattice constant of Fe gradually increases.



Figure 6 shows the lattice constants of TiFe intermetallic compound formed at different milling times. With increasing milling time, TiFe lattice constant decreases and its XRD peaks shift to higher angles. According to Figure 6, it can be observed that in the milled products of Mn substituted for Ti and Fe, the lattice constant of TiFe-based crystal is lower and higher than that of the TiFe milled products, respectively.



Figure 7 shows the crystallite size of TiFe-based structure formed in the milled products as a function of milling times.



During the process of mechanical alloying, due to the gradual increase of the crystal defects density and also increase of the powder temperature, the diffusion and recovery of dislocations may occur. The minimum grain size can be determined as a result of the balance between the rate of dislocations formation and the rate of recovery and recrystallization of the material [21,24].



According to Figure 7, Mn substituting for Ti increases the lattice strain and reduces the crystallite size. In contrast, Mn substituting for Fe reduces the strain and increases the crystallite size; these can be explained by Equation (3), as proposed by Asaro et al. [25]:


   τ P  =   G b  d     1 3  −  1  12 π     +    γ  S F    b   



(3)




where τp equals the shear stress in slip plane that applied to the material, G is the shear modulus, b is the Burgers vector, d is the crystallite size, and γSF is the stable stacking fault energy. Using this equation, it is possible to calculate the modified Schmid stress for nanocrystalline materials.



The shear modulus values of Mn, Fe, and Ti are 74, 82, and 44.16, respectively, hence substituting Mn for Fe reduces the Schmid stress, and therefore the strain created during the HEBM process decreases and the crystallite size increases. Contrary to this, substituting Mn for Ti has an inverse effect. The shear modulus of Mn is higher than that of Ti, so it creates a higher Schmid stress and more lattice strain, and therefore the crystallite size decreases.




3.2. Morphology and Chemical Composition of the Milled Products


SEM images of raw powder materials used in high-energy ball milling are presented in Figure S1 (in the Supplementary Materials). Figure 8 shows SEM images of TiFe-based milled products after different milling times.



As can be seen in Figure 8, the particles size gradually decreases with the increase of milling time. In the early times of milling, the powders of the raw materials easily deformed by the compressive forces and turn into very thin layers, while relatively brittle particles tend to resist compressive forces. Therefore, brittle particles are less deformed and ductile particles cause connection between brittle particles. This difference in the ductility of particles is believed to be responsible for the wide particle-size distribution of the milled products after relatively lower milling times. With the increase of milling times, more uniformity in particle-size distribution achieved, and noticeable changes in the morphology of particles took place. By increasing the time of HEBM, a homogeneous compound formed with the same chemical composition of the powder mixture. Figure 9 presents the effect of Mn addition on the microstructure of TiFe, Fe20, and Ti20 milled products after 40 h of milling.



According to Figure 9, it can be seen that by adding Mn substituting for Fe in the TiFe composition, the particle size of the milled products is slightly larger than the milled products obtained from the stoichiometric composition in the absence of Mn. However, in the Ti20 milled product, the particle size decreased. Figure S2 (Supplementary Materials) shows the EDS analysis of TiFe powder mixture after 60 h of milling. The absence of the oxygen peak indicates that the milled product was not contaminated since the process was conducted under a high quality argon (99.9995% purity) environment. In order to check the amount of Fe and Cr pollution that entered from the pellets and chamber to the milled products, the atomic percentage of the existing elements is given in Table S1 (Supplementary Materials). As can be seen, the Fe amount is slightly more than the initial stoichiometric values (TiFe), but no Cr was detected.




3.3. Phase Transformation of the Milled Product


In order to study the crystallization temperature of amorphous TiFe-based powder, DSC analysis was performed. Figure 10 shows the DSC curve of the TiFe milled product after 10 h of milling.



As can be seen in Figure 10, there are two exothermic transformation peaks at 410 and 690 °C and one endothermic transformation peak at 600 °C. The first exothermic peak is related to the release of the strain stored in the alloy during 15 h of milling, and the second exothermic peak is related to the crystallization of TiFe milled product. Endothermic transformation is related to the rearrangement of atoms before crystallization. In amorphous materials, due to the lack of order in the structure, before the crystallization and rearrangement of the atoms, some atomic bonds of the amorphous alloy are broken, which is an endothermic transformation [26].



Figure S3 (Supplementary Materials) shows the XRD pattern of the heat-treated 15 h milled product. As can be seen in Figure S3, after crystallization, the peaks of TiFe crystals are visible, which indicates that single phase TiFe intermetallic compound can be achieved by heat treating a milled product after relatively lower milling time.




3.4. Electrochemical Properties of Electrodes Made from the Milled Products


3.4.1. Milling Time Effect


Figure 11 shows the graph of the discharge capacity vs. the number of cycles for five sequential cycles of the electrode made from the TiFe milled product at different times of milling and obtaining plateaus after the third cycles.



As can be seen in Figure 11, as the milling time increases to 60 h, the maximum discharge capacity in the first cycle increases, but in the 70 h-milled product, the discharge capacity decreases in the first period. The TiFe intermetallic compound formed after 20 h of milling, and with the increase of the milling time, its amount increases in the milled product, and its mean crystallite size decreases. The latter provides better diffusion pass for charge and discharge of hydrogen which increases the discharge capacity as well, but in the 70 h milled product, the discharge capacity decreases; this could be due to the increase in strain and excessive distortion in TiFe-based lattice that limits the placement of hydrogen atoms in the lattice. Hence, less hydrogen is absorbed, and, in turn, the discharge capacity decreased.



Another reason can be the agglomeration of particles as a result of the long milling time, which causes the reduction of active surfaces for hydrogen absorption and hence a lower amount of discharge capacity.



According to Figure 11, the discharge capacity suddenly decreases after one period and drops from the maximum value of 169 mAh/g for the 60 h milled product to 51.5 mAh/g in the second period. Additionally, in the fifth charge–discharge cycle, it reaches 28.6 mAh/g. This is believed to be attributed to the irreversible oxidation of the electrode in 6 M-KOH solution since the greater the cycle number the thicker the oxide layer and in turn the narrower the path of hydrogen penetration and the lower discharge value. In other words, the formation of iron and titanium oxide layers on the surface of the powders during the charge–discharge process prevents the absorption of hydrogen into TiFe-based structure and reduces the discharge capacity. As the charge–discharge process continues, the discharge capacity decreases rapidly due to the thickening of the oxide layer.



The electrochemical capacity of hydrogen strongly depends on the microstructure and phases present in the electrode material. The product obtained from HEBM is generally a material consisting of a nanocrystalline/amorphous structure or their mixtures; therefore, the high capacity obtained from the TiFe milled product compared to that produced by melting methods [8] reflects the higher hydrogen absorbing efficiency of the milled product.



In addition, according to Figure 11, by using the high-energy ball milling method, there is no need to perform complex activation operations for hydrogen absorption and desorption, and after a charge–discharge period, the maximum discharge capacity is achieved. In addition, HEBM dramatically increases the kinetics of hydrogen absorption and desorption by creating very fine clean surfaces on the nanometer scale [27].



As it can be seen in Figure 11, with the increase of milling time to 70 h, the discharge capacity in the fabricated electrode decreases. This reduction in capacity may be due to the formation of a larger portion of TiFe intermetallic compound in amorphous form.




3.4.2. The Additive Effect of Mn


Since the maximum discharge capacity was obtained in the TiFe electrode made from 60 h milled product, in order to investigate the effect of Mn on electrochemical behavior, the discharge capacity of TiFe, Fe10, Fe20, Ti10, and Ti20 electrodes made from 60 h milled products was measured as a function of cycle numbers and in general obtained plateaus after the third cycles (Figure 12).



According to Figure 12, generally the addition of Mn increases the cyclic stability for the electrodes made from ternary milled product that Mn substitute for Ti (i.e., Ti10 and Ti20), but the initial discharge capacity decreases compared to binary TiFe electrode. By substituting Mn for Ti, the concentration of Ti in the milled product is reduced; this delayed the formation of TiO layer on the electrode as a reaction of Ti with KOH electrolyte. Incidentally, the addition of Mn increases the resistance to corrosion during the absorption (charge) and desorption (discharge) of hydrogen [28]. Thus, Ti0.9FeMn0.1 electrode (named Ti10) maintain ~53% of its initial discharge capacity after five cycles of charge–discharge; this is just 28% in the case of binary TiFe electrode. Figure 13 shows potential changes during discharge in the first, third, and fifth periods for the TiFe, Ti10, and Fe10 electrodes. Figure 13 shows the increase of the electrode potential from −1.2 to −0.6 V compared to the reference electrode, which is related to the release of hydrogen. In these experiments, the electrodes were charged with a current density of 800 mA/g for 1 h and discharged with a current density of 80 mA/g to a potential of −0.6 compared to the Hg/HgO reference electrode. According to Figure 13, the discharge curve changes in different cycles. In the first cycle, a smooth potential region is observed for all electrodes, which is related to the hydrogen removal process. By increasing the number of cycles, the hydrogen release potential (hydrogen discharge plateau) increases and the discharge duration decreases. Brittleness caused by the absorption and desorption of hydrogen during charge–discharge causes the cracking and breaking of particles that provides the formation of new surfaces. This intensifies the irreversible oxidation phenomena, so the discharge capacity decreases [29].






4. Conclusions


The formation of TiFe intermetallic compound from binary (Ti, Fe) and ternary (Ti, Fe, and Mn) elemental powder mixtures using HEBM was investigated. In addition, the hydrogen storage properties of the electrodes made from the milled products were measured. The binary mixtures of Ti and Fe powders and ternary mixtures of Ti, Fe and Mn powders inside the steel chamber of a planetary ball mill using steel balls under a neutral gas (argon) environment were employed to form TiFe-based intermetallic compound powders. The results showed that an amorphous phase formed in the binary and ternary mill products after 10 h of milling. By increasing the milling time to 20 h, single-phase nanocrystalline TiFe-based intermetallic compounds formed. Addition of Mn was found to decrease the nanocrystallite size of TiFe. By further increasing the milling time up to 60 h, the discharge capacity of the fabricated electrodes from the milled products increased, but the discharge capacity decreased again in the electrodes made from 70 h milled products. Substitution of Mn for Ti reduced the initial discharge capacity but improved the cyclic stability of the fabricated electrodes. However, substitution of Mn for Fe reduced the discharge capacity and also caused a drop in cyclic stability. The electrode with no Mn content that was made from 60 h milled product showed the maximum discharge capacity. However, the results showed that substitution of Mn for Fe yields a discharge capacity close to that of the binary TiFe electrode. The electrode with stoichiometric composition of TiFe0.9Mn0.1 showed the highest discharge capacity among the fabricated ternary Ti-Fe-Mn ones.
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Figure 1. XRD patterns of TiFe milled products after different milling times in accordance with the formation of TiFe-based crystal structure. 
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Figure 2. XRD patterns of Fe10 milled product after different milling times. 
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Figure 3. Fe lattice constant after different milling times. 
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Figure 4. XRD patterns of Ti20 alloy after different milling times. 
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Figure 5. XRD patterns of Ti20, TiFe, and Fe20 alloys after 10 h of milling. 
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Figure 6. Lattice constant of TiFe-based crystal structure after different milling times for TiFe, Ti10, Ti20, Fe10, and Fe20 milled products. 
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Figure 7. Crystallite size of TiFe-based crystal structure in TiFe, Ti10, Ti20, Fe10, and Fe20 milled products as a function of milling times. 
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Figure 8. SEM images of TiFe-based milled products after different milling times: (a) without milling, (b) 20 h, (c) 30 h, (d) 40 h, (e) 60 h, and (f) 90 h. 
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Figure 9. SEM images of the (a) TiFe, (b) Fe20 (c) Ti20, and (d) Ti20 (using a higher magnification) milled products after 40 h of milling. 
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Figure 10. DSC curve of TiFe milled product after 15 h of milling (Tr is the first exothermic transformation temperature regarding the release of strain stored in the composition during 20 h of milling. Tg is the endothermic transformation regarding the rearrangement of atoms before crystallization. Tx is the second exothermic transformation temperature regarding the crystallization of TiFe compound). 
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Figure 11. Discharge capacity of the electrodes made from stoichiometric TiFe milled products after 20, 40, 60, and 70 h of milling as a function of cycle number. 
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Figure 12. Discharge capacity of TiFe, Fe10, Fe20, Ti10, and Ti20 milled products after 60 h of milling as a function of cycle numbers. 
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Figure 13. Discharge curves in the first, third, and fifth periods of the 60 h milled products of (a) Fe10 (b) Ti10 (c) TiFe. 
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Table 1. Specifications of the milling machine and the milling variables.
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	Disk rotation speed
	225 rpm



	Chamber rotation speed
	450 rpm



	Disc diameter
	350 mm



	Chamber capacity
	140 mL



	Ball diameter
	10 and 20 mm



	Ball type
	Chromium steel (X210CrW12)



	Ball-to-powder weight ratio
	20:1
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Table 2. Compositions of the binary and ternary milled products produced and their related codes.
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Alloy

	
Composition

	
Milled Product Code






	
TiFe

	
TiFe

	
TiFe




	
Ti(1-x)FeMnx

	
Ti0.8FeMn0.2

	
Ti20




	
Ti0.9FeMn0.1

	
Ti10




	
TiFe(1-y)Mny

	
TiFe0.8Mn0.2

	
Fe20




	
TiFe0.9Mn0.1

	
Fe10
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