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Abstract

:

Understanding the crystallization of metallic glasses is fundamental in the design of new alloys with enhanced properties and better glass-formability. The crystallization of a series of Fe-based metallic glasses of composition [(Fe0.5Co0.5)0.75B0.2Si0.05]100-xMx (M = Mo, Nb and Zr) has been studied by means of differential scanning calorimetry and transmission Mössbauer spectroscopy. This latter technique allows the following of the microstructural evolution of the studied alloys through the identification and quantification of the several Fe-containing crystalline phases and also through the changes in the amorphous structure at the initial stages of crystallization. The results show that the crystallization products are the same for all the studied compositions (α-Fe, Fe2B, (FeCo)23B6 and a paramagnetic remnant) although with different relative proportions and the crystallization of a phase without Fe in the alloys with Zr. Moreover, the addition of Zr favors the crystallization of α-Fe causing a detrimental effect on the glass forming ability, while the increase in Mo content up to 6 at% favors the crystallization of (FeCo)23B6. The different amount of α-Fe and borides is presented as a measure of the glass forming ability of this type of alloys.
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1. Introduction


Nowadays, metallic glasses (MGs) are a well-established type of material, characterized by their lack of long-range order structure, that can be produced in several physical forms (powders [1], ribbons [2], coatings [3], microwires [4,5], bulks [6], magnetorheological fluids [7], etc.) and have a potential variety of applications in several fields: (a) magnetism, including sensors or choke coils [8,9]; (b) electrocatalysis, for example, in fuel cells [10]; (c) biomedicine with stents or orthopedic surgeries [11,12,13,14], (d) engineering, for example with the development of micro electro-mechanical (MEMs) devices [15] and in environmental applications like the catalytic degradation of toxic organic molecules [16] or radiation shielding properties of newly developed FeBCSiP alloys [17]. In particular, Fe-based metallic glasses are especially interesting as they present unique characteristics in comparison with conventional Fe-based crystalline alloys [6,8]. However, metallic glasses present some drawbacks related to the production of bulk pieces and their brittleness [18]. In 2004, Shen and co-workers presented a new family of Fe-based glassy alloys, FeCoSiBNb, which could be cast in bulk form and have excellent functional properties and high strength [19,20]. Their thermal stability, microstructural evolution and crystallization kinetics, as well as functional properties, have been a matter of an extensive number of studies [21,22,23,24,25,26]. The large GFA in these alloys arises from the presence of a transition metal like Nb that stabilizes the supercooled liquid region and inhibits the crystallization [27]. Lots of efforts have been devoted to further enhance GFA. One of the main strategies to achieve this goal is by microalloying, i.e., adding small amounts of certain elements in order to increase the glass forming ability (GFA) of the alloy while maintaining and/or enhancing the functional or structural properties. Shen reported an enhancement of GFA by the addition of Zr only up to 1% [28]. Other transition metals like Mo and Y [29] also have a similar effect while Cr leave GFA unaffected but has a beneficial effect on the corrosion resistance and plasticity. Alloying of rare earths is a matter of discussion: Gd has been reported to deteriorate GFA [24,29] whereas Tb and Dy have a positive effect if not exceeding an optimal amount [30,31,32]. In these cases, to understand the effect of the minor additions on the stability of the amorphous structure and its crystallization route is fundamental for developing new alloys. Very recently, Ramasamy et al. [33] studied the effect of replacing Nb with Mo and Zr in a FeCoBSiNb bulk metallic glass. In their study, it was shown that the GFA of the alloys decreases with the substitution and even hinders the production of a bulk amorphous structure in the case of Zr. However, a certain amount of Mo instead of Nb increases the magnetic saturation and the plasticity. The use of Nb, Mo and Zr as alloying elements is for the potential enhancement of the glass forming ability caused by the introduction of a large radius mismatch and by the control of the size and type of phase during primary crystallization. Alloying elements produce changes in the local atomic configuration and short-range order of the glasses [34]. Moreover, it has recently shown by different authors that even nanoscale structural heterogeneities have a deep impact on their glass formability, crystallization and magnetic and mechanical properties [35,36,37]. Transmission Mössbauer Spectroscopy (TMS) is one of the few techniques, together with Extended X-Ray Absorption Fine Structure (EXAFS), able to obtain information on amorphous structures yielding insights on the local surroundings of the Fe atoms from variations in the hyperfine energy levels of the Fe nuclei. Moreover, the Mössbauer signal is directly proportional to the number of Fe atoms present in each phase, thus allowing the quantification of the relative amount of Fe atoms in a particular region, either crystalline or amorphous. This technique has been successfully used in combination with other conventional characterization techniques like x-ray diffraction or differential scanning calorimetry to offer a comprehensive view of the structure and phase formation not only in metallic glasses [26,29,38,39,40] but also in many Fe-containing alloys [41,42,43]. In the present paper, FeCoSiB(Nb,Zr,Mo) metallic glasses have been produced in ribbon shape in order to study their amorphous structure and their crystallization by means of Transmission Mössbauer Spectroscopy (TMS) and shed some light on the effects of the different elements (Nb, Zr and Mo) on this Fe-based metallic glass.




2. Materials and Methods


Five different compositions have been produced by the melt-spinning technique taking FeCoBSi as a base alloy. Namely, [(Fe0.5Co0.5)0.75B0.2Si0.05]100-xMx with M = Mo, Nb and Zr and x = 4 for all M and x = 4, 5 and 6 for M = Mo. From now on, these compositions will be labelled Nb4, Zr4, Mo4, Mo5 and Mo6. All the alloys have been made from raw elements with high purity (>99.99%) in an arc melter with a water-cooled copper plate in a Ti-gettered Ar atmosphere and remelted three times to assure compositional homogeneity. The produced alloy has been subsequently melted in an induction coil in a melt spinner with Ar atmosphere and injected into a rotating copper wheel with a tangential velocity of 40 m/s to produce the amorphous ribbons. The thermal characterization of the as-quenched ribbons has been made by means of Differential Scanning Calorimetry (DSC) in a NETZSCH DSC 404 (NETZSCH-Gerätebau GmbH, Graz, Austria) with a heating rate of 20 K min−1 under N2 atmosphere with flow rate of 50 mL min−1. The as-quenched ribbons have been annealed at selected temperatures for 5 min to follow-up the crystallization process. Transmission Mössbauer Spectroscopy (TMS) spectra at room temperature and pressure have been obtained with a constant acceleration spectrometer with a 25 mCi source of 57Co in a Rh matrix. The spectra were recorded in a multichannel analyzer with 800 channels using a velocity range of ± 12 mm s−1. Experimental spectra were fitted with Brand’s NORMOS software (accessed on 3 May 2021) [44] using different fitting strategies depending on the microstructural state of the samples that will be described in the following section. The isomer shift values are given relative to the isomer shift of a Mössbauer spectrum of α-Fe recorded at room temperature. XRD diffractograms have been obtained using a Bruker-AXS D8 x-ray diffractometer (Bruker, Billerica, MA, USA) with Cu-Kα (λ = 0.15406 nm).




3. Results


The DSC thermograms of the five as-quenched ribbons are shown in Figure 1. The existence of a glass transition, although not clear in the Zr4 alloy, together with the main exothermic peak below 900 K demonstrate the amorphous character of the as produced ribbons. The crystallization behavior is, as expected, the same as the one observed in the same compositions produced as bulk metallic glasses [33]. The crystallization starts with a single exothermic peak followed by different less exothermic crystallization events. In the Nb4 alloy, an extended exothermic event is found up to 1023 K followed by a third peak, a similar path to that observed in very close alloys [19]. Mo-containing alloys, demonstrate a devitrification route which changes with the Mo content. For the alloy with 4% of Mo, four clear exothermic events are distinguishable in the thermogram: the primary crystallization is followed by an extended second exothermic peak up to 975 K (similar to that found in Nb4) and two more exothermic peaks at higher temperatures. The increase in Mo content induces the vanishing of the second peak and produces the shift of the third peak to higher temperatures whereas the fourth has an inverse tendency and seems to overlap. It is worth noting that the transformation enthalpy for the first crystallization reduces with Mo content. The DSC thermogram for Zr4 alloy shows clear differences to that of Nb- and Mo-containing alloys. Firstly, the second extended crystallization event is not observed following the primary crystallization peak. Instead, a narrow exothermic peak is distinguished at 1003 K followed by two overlapped exothermic peaks at higher temperatures.



According to the thermal behavior observed in the DSC curves, each alloy has been annealed at different temperatures just after the crystallization peaks: main crystallization peak (T1), just after the extended second peak (T2) in Nb4, Mo4 and Mo5, and after the final crystallization event (TF). Mo4 and Mo5 have been also annealed after the third crystallization peak (T3). The corresponding values are shown in Table 1. The as-quenched ribbons, as well as the annealed ones at each temperature for each composition, have been analyzed by means of TMS. The different ribbons will be labelled as Mx-Ty where M = Zr, Nb, Mo, x = 4, 5, 6 and y = 1, 2, 3, F indicating the composition and the annealing temperature, respectively. The Mössbauer spectra of the as-quenched ribbons, as well as the ribbons annealed at T1, are shown in Figure 2. The spectra of the as-quenched ribbons have been fitted with a single distribution of hyperfine magnetic fields between 0 and 39 T. The shape of these hyperfine magnetic fields, shown in Figure 3, is typical of amorphous ferromagnetic metallic glasses, thus revealing the amorphous character of the as-produced compositions.



There are no significant changes with composition in the hyperfine magnetic field distributions of the as-quenched ribbons, showing all of them a main broad peak between 20 and 25 T and a secondary peak between 10 and 15 T. The main difference between compositions is the average magnetic field of the distributions, shown in the inset of Figure 3, that is maximum for Zr4, decreases for Nb4 and further decreases with the increase in the Mo content of the alloy.



After the annealing at T1, the shape of the spectra is similar to the as-quenched ones although the beginning of the crystallization can be observed in the shoulders of the spectra at around ±6 mm/s. All the spectra have been fitted with a single hyperfine magnetic field distribution except Zr4-T1 in which two individual ferromagnetic sextets, with hyperfine magnetic fields of 33 and 30 T, have been needed to obtain a good fit in addition to the hyperfine field distribution, now between 0 and 32 T. The two sextets can be assigned to an α-Fe phase and to Fe atoms in an α-Fe phase with a non-magnetic element as near-neighbor, probably at the interface between the crystal and the amorphous matrix. The presence of α-Fe as the primary crystallization product is in accordance with the XRD diffractograms of this alloy published by Ramasamy [33].



However, the changes in the short-range order of the annealed alloys can be clearly seen in the changes of the hyperfine field distribution. The annealing of the Nb4 alloy induces the reduction in the width of the main peak of the hyperfine field distribution (around 23 T) that also increases in intensity and the apparition of significant regions with hyperfine fields close to 33 T. This hyperfine field distribution has been associated with the formation of a Fe23B6-type phase in similar alloys [29] and is consistent with the identification from Synchrotron XRD [45].



In the Mo4-T1 alloy, the main peak has been split into two components at ~20 and ~26 T while the low field peak is reduced. These variations are not seen in Mo5-T1 and Mo6-T1 alloys that, on the contrary, show an increase in the intensity in the region around 30 T. To further understand them, XRD diffractograms of Mox-T1 have been recorded (see Figure 4). All three show the presence of Bragg peaks that are clearly identified as Fe23B6 phase and broad peaks that can be associated to an FeB-type phase. This latter identification is consistent with the peak between 10 and 15 T in the hyperfine field distributions as Fe environs close to an FeB phase have values of the hyperfine magnetic field in this range [29].



However, in the Mo4-T1 sample, these peaks are narrower than in the other two alloys, which indicate that crystals have grown more in this alloy than in the other two. This hypothesis is consistent with the larger transformation enthalpy determined in the Mo4 first crystallization peak. These results are also in agreement with the result by Perea [46] that found that the presence of Mo promotes the precipitation of Fe23B6-type phase, as in Nb case. On the other hand, Zr4-T1 alloy, as already commented, is the one with the most significant changes with the presence of two individual sextets at high field values and also the formation of regions or environments in the alloy with low values of the hyperfine magnetic field (below 10 T). These low-magnetic areas, fitted for the sake of convenience with a hyperfine magnetic field distribution, in fact represent regions with a paramagnetic character. All these changes in the annealed alloys reflect the partial crystallization process of the alloys resulting in a microstructure composed of an amorphous ferromagnetic matrix with embedded crystalline particles.



The annealing at T2 drastically changes the Mössbauer spectra of the studied alloys as the crystallization process progresses and, thus, the crystalline fraction increases. The spectra, shown in Figure 5, have been fitted with three sextets to take into account the ferromagnetic phases and one singlet for the paramagnetic phase. However, in the Mo-containing alloys, the paramagnetic singlet has been substituted by a hyperfine field distribution between 0 and 20 T that represents the remnants of the amorphous matrix and in Mo5 and Mo6 an extra sextet has been needed. The sextet with the highest value of the hyperfine field, around 33 T, corresponds to the crystallization of α-Fe and its area is maximum for the Zr4 alloy, followed by the Nb4, while the presence of Mo seems to present difficulties for the growing of this phase. The two other sextets, at around 24 T and 22 T, can be assigned to the crystallization of some iron borides. The former has values of the isomer shift between 0.04 and 0.1 mm s−1 and quadrupole splittings between 0 and −0.1 mm s−1 that fit well with the hyperfine parameters of a Fe2B phase [29]. The latter presents isomer shift values around 0.09 mm s−1 and quadrupole splittings around −0.05 mm s−1, closely matching the values for a (FeCo)23B6 phase [29]. The extra sextet for the Mo5 and Mo6 alloy, with a field of 20.6 T can be associated with a second iron environment in the (FeCo)23B6 phase [47]. The final annealing at TF does not significantly change the Mössbauer spectra of the Nb4 and Zr4 alloys that present the same crystallization products as in the previous annealing with only slight differences in the relative intensities of each phase due to the crystalline growth with temperature and the transformation of the metastable boride phases. However, the Mo-containing samples show two main changes: (a) the important growth of the sextet corresponding to the α-Fe phase and (b) the transformation of the remaining amorphous matrix, that was fitted with a hyperfine magnetic field distribution in Mox-T2 alloys, into a paramagnetic single crystalline phase fitted with a singlet with an isomer shift close to zero. The intermediate annealing of Mo4 and Mo5 at T3 does not introduce significant changes in the Mössbauer spectra besides slight changes in the relative amount of each phase that represent the growth or stabilization of the phases between T3 and TF.




4. Discussion


The previous results from Mössbauer spectroscopy clearly show that the crystallization products of all the samples are the same although the relative amount of each phase and its first apparition changes depending on the type and amount of the minor addition to the base composition. These phases are α-Fe, Fe2B, (FeCo)23B6 and a paramagnetic phase. Therefore, the different DSC trace of the Zr4 alloy shown in Figure 1 may be attributed to the crystallization of an additional phase without Fe, thus invisible to the Mössbauer spectroscopy. According to [33], this phase could be identified as ZrB2. One of the main advantages of Mössbauer spectroscopy is the ability to quantify the relative amount of Fe atoms in each phase at different stages of the crystallization process that is shown in Figure 6.



Regarding the crystallization of α-Fe, it is clear that after the first annealing at T1 only the Zr4 alloy shows the presence of this phase, as was already commented in the description of the Mössbauer spectra at T1 in Figure 2. The subsequent annealings induce the growing of this phase that is almost complete after the annealing at T2 in the Nb4 and Zr4 alloys while for the Mo-containing samples, the maximum growth of α-Fe is produced after the last annealing. The maximum amount of this phase, around 50 at%, is achieved for the Zr4 and Mo samples being almost the double of the α-Fe present in the fully crystalline Nb4 sample. The earlier formation of α-Fe in the Zr4 alloy can be explained by the fact that the hyperfine magnetic field distribution of this alloy is the one with a higher value of the average hyperfine field (see inset of Figure 3) and, thus with a higher amount of Fe atoms in environs with values of the hyperfine magnetic field around 30 T (see Figure 3) that will easily transform to α-Fe. On the contrary, the evolution of the boride phases is the inverse, after an initial growth of these phases the last annealing reduces the presence of borides in the fully crystalline samples of all the compositions except in Nb4. In this alloy, the amount of Fe2B and (FeCo)23B6 remains constant after annealing at T2 and, in fact, the total amount of α-Fe, Fe2B and (FeCo)23B6 is similar. Therefore, the addition of Nb to the base alloy induces the stabilization of boride’s phases. The addition of Zr or Mo hinders the growth of Fe2B in the fully crystalline samples while there are no significant changes in the amount of (FeCo)23B6. However, there are clear changes in the amount of both borides after the annealing at T2 in the different Mo-containing alloys. At these intermediate temperatures the addition of Mo, from 4 to 5 at%, favors the formation of Fe2B instead of (FeCo)23B6 while the addition of 6 at% changes drastically the situation and the (FeCo)23B6 phase reaches its maximum close to the 60 at%. It is worth to comment that in the Mo5 and Mo6 alloys it has been possible to assign two sextets corresponding to two different local environs around the Fe nucleus in the (FeCo)23B6 phase. This has been possible in part due to the high amount of this phase but especially due to the relative simplicity of the Mössbauer spectra with few crystalline phases and almost no amorphous remnants that usually make the interpretation of the spectra more difficult [29]. This result could be helpful in further studies of similar compositions in order to disentangle several simultaneous contributions to the spectra. In these situations, the number of possible interpretations yielding the same final fitting make impossible to obtain detailed information on the microstructure, unless one can support the assumptions on previous results as the one found here. Finally, we need to use a paramagnetic phase to obtain a good fit to the Mössbauer spectra. This paramagnetic phase is more present in the Mo-containing alloys after the annealing at T2 although in the fully crystalline samples, in all the compositions, a similar amount is found and close to the 5 at%. It is also worth to mention that in the fully crystalline samples, where in all the compositions the paramagnetic phase has been fitted with a singlet, the corresponding isomer shift for the Mo samples is close to 0 mm s−1 while for the Nb and Zr samples is close to 0.1 mm s−1, thus revealing different Fe environs. In order to obtain more information on these environs, two different studies can be performed. On the one side, a reduction in the velocity range of the Mössbauer spectra will increase the resolution on the central part of the spectra giving the possibility to shed some light on the chemical state of the Fe atoms in these environs. On the other side, the use of synchrotron radiation could yield diffraction spectra with high resolution and could be possible to detect and identify the crystalline structures that gives rise to the paramagnetic part of the Mössbauer spectra.



These results can be related with the glass forming ability (GFA) found for the bulk versions of these same compositions [33]. Ramasamay et al. found the best GFA for the Nb4 sample (bulk sample with a critical diameter of 3 mm). The Mössbauer results shown in the present paper can explain the best GFA for Nb4 alloy in terms of a competition of phases. On the one hand, the presence of Zr favors the crystallization of α-Fe, thus confirming that Mo and Nb samples should have a better GFA. Shen showed that the addition of Zr reduces the GFA if content is over 1% [28]. On the other hand, taking into consideration only Nb and Mo samples we can compute the relative amount of α-Fe with respect the total amount of iron atoms in environs close to an iron boride structure after the first annealing temperature (shown in Table 2). This ratio is higher for the Nb4 alloy and decreases with the addition of Mo, with the same behavior of the critical diameter, that is maximum for Nb4 and decreases with the Mo content. A ratio equal to 1 would mean that the amorphous structure is prone to crystallize into α-Fe and into iron borides with the same probability, thus creating two alternatives in the crystallization path and resulting in a more stable amorphous structure. Therefore, for the Nb4 alloy, where this ratio is higher, the competition between the crystallization of α-Fe and iron borides is higher than in the Mo alloys and resulting in its higher GFA. It is clear that correlation is not causation and, thus, the usefulness of this ratio should be checked studying other compositions (new or already published). The effect of partial substitution of Nb by Mo has been studied in other Fe-based metallic glasses. Zhu et al. [48] concluded that partial replacement of Nb by Mo increases GFA in Fe(Nb,Mo)B alloys. This experimental result is also observed in FeBSi(Nb,Mo) alloys by Li [49].




5. Conclusions


In this paper a series of FeCoBSi metallic glasses with different additions of Nb, Zr and Mo have been studied by means of transmission Mössbauer Spectroscopy. The crystallization path of the different compositions and the changes in the local structure due to the different annealings have been followed through the changes in the hyperfine magnetic field distributions and the relative quantification of the iron containing phases. It has been shown how the presence of Zr induces the growth of α-Fe and changes the crystallization path with respect Nb- and Mo-containing alloys. Instead, the presence of small amounts of Mo favors the crystallization of Fe2B while an addition of 6 at% of Mo yields the maximum amount of (FeCo)23B6 phase after the second annealing temperature. This high amount of this phase has allowed its fitting using two different sextets for two different environs of the Fe nucleus, result that can be useful for the interpretation of more complex spectra of similar compositions. Finally, the higher glass forming ability of the Nb-containing alloys has been explained by means of a competition between the crystallization of α-Fe, on the one side, and of iron borides, on the other side and a possible way to quantify this competition has been introduced in terms of the ratio between the at% of Fe nucleus present in each type of phase.
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Figure 1. DSC curves of all five compositions at a heating rate of 20 K min−1. The colored arrows indicate the onset temperature of the different crystallization events. 
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Figure 2. Experimental Mössbauer spectra (blue dots) and their fits (red line) for the as-quenched ribbons (top row) and the annealed ones at T1 (bottom row). For Zr4-T1, the subspectra fitted for the different phases are also shown as filled areas. 
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Figure 3. Experimental hyperfine magnetic field distributions for the as-quenched alloys (left) and the annealed ones at T1 (right). The inset in the left panel shows the changes in the average hyperfine magnetic field as the composition changes. The two straight lines in the right panel correspond to the individual sextets at 30 and 33 T. 
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Figure 4. X-ray diffraction patterns of the Mo-containing samples annealed at T1, just after the main crystallization peak. 
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Figure 5. Experimental Mössbauer spectra (blue dots) and their fits (red line) for the ribbons annealed at T2 (left column) and the annealed ones at T3 (right column). The subspectra fitted for the different phases are also shown as filled areas. 
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Figure 6. Percentage (relative to the total amount of Fe) of Fe atoms in the different crystalline phases as a function of the composition and the annealing temperature. The error bar in the at% is smaller than the symbols (the lines are guides to the eye). 
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Table 1. Annealing temperatures (in K) for each alloy.
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	Temperature
	Zr4
	Nb4
	Mo4
	Mo5
	Mo6





	T1
	900
	910
	891
	885
	875



	T2
	1003
	1023
	975
	1010
	990



	T3
	-
	-
	1056
	1063
	-



	TF
	1093
	1118
	1169
	1159
	1169
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Table 2. Ratio of α-Fe/Fe-borides and critical diameter, dc, (from [33]) for Nb and Mo-containing samples.
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	Nb4
	Mo4
	Mo5
	Mo6





	α-Fe/Fe-borides
	0.37
	0.23
	0.26
	0.1



	dc (mm)
	3
	1.5
	1.5
	1
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