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Abstract

:

The effect of free volume on the crystallization of amorphous Fe78Si13B9 ribbons was studied using ultrasonic and thermal treatments. To maintain free volume under heating, amorphous samples were coated with a special protective Ta coating. It has been shown via X-ray diffraction that the fraction of the crystalline phase in the annealed coated amorphous ribbons is higher than in the corresponding uncoated samples. The use of ultrasonic treatment and the application of a protective coating lead to the formation of a larger proportion of the crystalline phase during annealing. Differences in crystallization kinetics are discussed under the assumption that the concentration of free volume in amorphous samples affects their crystallization, as well as the role of the Ta coating preventing the release of free volume to the surface during heat treatment.






Keywords:


metallic glass; nanostructure; free volume; protective coating; deformation












1. Introduction


Nanocrystalline materials formed on the basis of amorphous alloys attract great attention due to their unique physical properties [1,2,3,4,5]: strength (Al-based alloys [6]), magnetism (Fe-, Co-based [5,7,8,9,10,11,12,13]), corrosion resistance [14,15,16], etc. The properties of amorphous alloys can be significantly improved through forming an amorphous nanocrystalline structure. There are a lot of investigations devoted to the study of the structure and properties of amorphous and nanocrystalline materials, as well as to the features of crystallization of amorphous alloys of various compositions [17,18,19]. In this regard, nanocrystalline alloys based on the Fe–Si–B system are of great interest as a material with high magnetic properties. To form a nanostructure in amorphous alloys, heat treatment methods are often used [20,21,22]. However, heat treatment does not make it possible to create a nanostructure in all amorphous alloys. Alloys of the Fe–Si–B system can serve as an example. During the crystallization of amorphous alloys of this system, a structure with a relatively large grain size is formed. To create a nanocrystalline structure, Cu and Nb are added to Fe–Si–B alloys, which promote the formation of nanocrystals. Although Fe–Si–B–Cu–Nb (Finemet) alloys are widely used due to their unique soft magnetic properties, it should be noted that the introduction of Cu and Nb leads to a deterioration of magnetic properties, in particular magnetization. Another way to obtain a nanocrystalline structure is the use of plastic deformation (high pressure torsion, multiple rolling, etc.) [6,21,23,24,25,26,27]. This method was used to obtain a nanostructure in a number of alloys in which it could not be prepared via heat treatment. These alloys include alloys of the Fe–Si–B system. The formation of an amorphous nanocrystalline structure in the alloy of the Fe–Si–B system made it possible to significantly increase the saturation magnetization (by 40%) and surpass the level of saturation magnetization for Finemet-type alloys [28]. Amorphous Fe–Si–B alloys belong to one of the most widely studied groups of amorphous alloys [11,28,29,30]. The processes of crystallization during conventional heating [25,28], rapid heating [31], high-pressure torsion deformation, multiple rolling methods [28,32], crystallization under widthwise/lengthwise press, and annealing [30] were studied for alloys of different chemical compositions.



Plastic deformation (at temperatures well below Tg) leads to the formation of shear bands in the amorphous structure. The shear bands are regions of plastic deformation localization; they are characterized by a looser structure (regions of reduced density) [26,33,34,35,36,37,38,39]. According to different data, the width of shear bands can range from 5–30 nm [23,35] to hundreds of nm (10–210 nm [38]). At that, the density of the amorphous phase in a shear band can decrease by 1–12% [38]. In these areas, an increased concentration of free volume is observed [39], mass transfer processes can proceed faster, and crystallization is facilitated [6,20,40]. It should be noted that free volume in amorphous alloys can play a crucial role in crystallization processes. A change in the free volume can result in the formation of a structure with different structural parameters. For example, a nanostructure formed upon deformation consists of smaller nanocrystals than a nanostructure formed upon heat treatment [41,42]. In different amorphous alloys, deformation can promote both acceleration [43] and suppression of crystallization [30]. Changes in the structure upon deformation also depend on the orientation of the sample. For example, it was shown in [30] that the widthwise pressed treatment reduced free volume and suppressed crystallization to a larger degree than the lengthwise pressed treatment. The evolution of the structure under deformation depends on the value of the free volume.



For the deformation of amorphous alloys, the methods of high-pressure torsion and cold rolling are most often used. However, only disc-shaped specimens can be obtained via pressure torsion, and often the structure and, hence, the properties depend on the position in the specimen. During deformation via the high-pressure torsion method, the degree of deformation changes along the radius; in the case of rolling, the degree of deformation changes along the depth of the sample (the most deformed are the near-surface regions). Most recently, a new method of affecting the structure of amorphous alloys has arisen, namely, the method of ultrasonic treatment [44,45]. This method of influencing the structure has found application for both amorphous and crystalline materials [45,46]. Ultrasonic treatment is one of the deformation methods that allows varying free volume concentration in an amorphous material [44,46] and promoting structure rejuvenation similarly to thermal cycling [47,48]. Today, there are not many works on the investigation of a structure formed in amorphous alloys using this method. From currently known works [49,50], ultrasonic treatment was applied to only bulk amorphous alloys, and there are almost no data on the application of this method to amorphous ribbons.



As noted above, deformation leads to an increase in the fraction of free volume in the amorphous phase. It should be noted that free volume is one of the most important concepts that are widely used to describe and quantify many properties of amorphous materials, such as viscosity, glass transition, relaxation, diffusion, etc. [51,52,53,54]. The concept of free volume was formulated almost immediately after the production of the first amorphous alloys [55,56] and later developed in a number of works. Studies have shown that the concept of free volume diffusion appears to be universal for different types of materials. For example, the authors of [57] described two mechanisms of relaxation of glasses deposited from vapors, including, among other things, the release of free volumes to the surface. In a review [58] devoted to the study of nanostructured polymer glasses, thin films, nanocomposites, and nanospheres, the nonequilibrium dynamics (the exit of the system from equilibrium upon cooling) of the process and the determining role of free volume diffusion in the processes of aging and other structural transformations are analyzed.



However, during structural relaxation, heat treatment, or simply aging, the amount of free volume decreases [59]. Since amorphous alloys are usually obtained via rapid quenching of the melt, the structure of the quenched state is not equilibrium. A quenched amorphous alloy inherits the structure of the melt, including a lower density compared to a crystalline material of the same composition. During structure relaxation, when the material goes into a more equilibrium state, a change in the volume occurs. The increase in the density during structural relaxation is 0.3–0.5% [60], and this process is irreversible. This change occurs due to the release of free volume, and the structure becomes denser. During structural relaxation, the diffusion coefficient, viscosity, stress relaxation rate, internal friction, and superconducting transition temperature decrease, while an increase in the elastic moduli, thermal resistance, and embrittlement is observed [61]. Below the glass transition temperature, some properties can change both reversibly (electrical resistance, induced magnetic anisotropy) and irreversibly (internal friction, viscosity, diffusion mobility). The Curie temperature and coercive force can change both reversibly and irreversibly depending on the composition. Thus, the deformation of the samples contributes to an increase in the free volume; this is clearly seen in the temperature dependencies obtained via dilatometry [54,62].



During heat treatment, the free volume migrates to the sample surface and exits through the sample surface. This leads to a change in many physical properties [63,64] and, in particular, to embrittlement [65,66], which limits the use of such materials in industry. In order to maintain good physical properties, it is necessary to preserve free volume (prevent free volume from escaping through surfaces). This decrease can be prevented through using special protective coatings, as demonstrated in [67]. It was shown that the migration of free volume from the amorphous alloy to the coating material is thermodynamically unfavorable if the energy of vacancy formation in the coating material is higher than the energy of formation of an elementary free volume carrier (quasi-vacancies) in the amorphous phase. The maintenance of free volume using protective coatings will allow investigation of its effect on the processes of amorphous alloy crystallization. This work is devoted to the study of the effect of free volume on the crystallization of an amorphous Fe78Si13B9 alloy and the study of the features of crystallization of the amorphous phase under conditions of limited migration of free volume.




2. Materials and Methods


Alloy ingots with nominal compositions of Fe77Si13B10 were prepared through arc melting of a mixture of Fe (99.9%), Si (99.9%), and B (99.9%); they were melted three times to homogenization before melt quenching in a high-purity argon atmosphere. Amorphous Fe78Si13B9 was obtained through quenching the melt in the form of ribbons. When preparing the samples, capillaries with a slotted hole were used. The width of the ribbons was 1 cm, and the thickness was about 35 μm. The samples were subjected to isothermal annealing of various durations. The annealing temperature was 573–873 K. The amorphous samples were also subjected to ultrasonic treatment in an ultrasonic bath (the power was 100 W) for 1 h. After the ultrasonic treatment, a protective Ta coating was deposited onto both surfaces of the samples via cathode sputtering. The thickness of the coating was about 100–300 nm. The protective layer thickness was determined using a Supra Zeiss 50vp scanning electron microscope. The samples after the ultrasonic treatment and coating deposition and the reference samples were annealed simultaneously at different temperatures for 1 h. The structure was examined at each stage of processing (after amorphous alloy preparation, heat treatments, ultrasonic treatment, protective coating deposition, additional annealing, etc.). The structure of the Ta-coated samples and/or samples with ultrasonic treatment was compared to that of a control sample that had not been coated and had not been subjected to any pretreatment.



The structure of the samples was investigated through scanning (SEM) and transition electron microscopy (TEM) methods and via X-ray diffraction (XRD) using Co Kα radiation. Samples for TEM studies were prepared using ion milling. A VERSA 3D HighVac set-up with a focused ion beam (FIB) was used to prepare electron microscope foils from the near-surface regions of Ta-coated samples. The thermal analysis of the alloy was performed via differential scanning calorimetry (DSC) (Perkin-Elmer DSC-7).



In cases where, after treatment, the samples consisted of two phases (namely an amorphous phase and crystals), the diffraction peaks were decomposed into components (diffuse maximum corresponding to the scattering from the amorphous phase and a diffraction peak from the crystals). In the decomposition, data on the position and half-width of the diffuse maximum of the initial amorphous phase were used. In order to calculate the volume fraction of the crystalline phase in the partially crystalline alloys from X-ray diffraction data, a standard approach has been used that assumes that the volume fraction, Vc, of the crystalline phase may be determined as


Vc = Ic/(Ic +αIam),



(1)




where Ic and Iam are the integral intensity of the reflections of the crystalline phase and the amorphous phase, respectively, and α is a constant. In the formula, the coefficient α is constant, and it may be different for different systems. The constant α was assumed to be 1.05 for alloys of the Finemet type [68]. As it was shown in [69], the most correct values might be obtained through analyzing the angle range of the first diffuse halo, i.e., in the region of the best signal/noise ratio.




3. Results and Discussion


3.1. Crystallization of the as-Quenched Samples


The initial ribbons were amorphous. No signs of the crystalline phases are observed in the X-ray and electron diffraction patterns. Figure 1 shows the XRD pattern of the as-prepared sample.



To determine the heat treatment conditions, the samples were studied using the differential scanning calorimetry method. Figure 2 shows the DSC curve of the alloy. In the amorphous Fe78Si13B9 alloy, the transition from an amorphous to a crystalline state is carried out in two stages. The temperature of the first and second stages of crystallization (peaks) is 782 and 826 K, respectively (at a heating rate of 20 K/min).



The structure of the samples was studied after both isothermal annealing in a resistance furnace and heating at a constant rate in a calorimeter. Crystals of Fe(Si) solid solution are formed at the first stage of crystallization, and a eutectic reaction with the (Fe(Si) + Fe3B) formation occurs at the second crystallization stage. After the first stage of crystallization, the structure consists of crystals of a Fe(Si) solid solution and a remaining amorphous phase. The lattice parameter of the solid solution is 2.844 Å, which agrees with data in the known literature [69]. Figure 3 shows the X-ray diffraction pattern of the alloy after the first stage of crystallization.



Figure 4a,b show a transmission electron microscopic image (4a) and an electron diffraction pattern (4b), respectively, for the structure formed at the first stage of crystallization. The crystals have a pronounced dendritic shape. The size of the dendrites is 50–200 nm. They consist of several parts with a size of 20–70 nm. There are also individual crystals 20–50 nm in size. The orientation of the crystals is random. The electron diffraction pattern (Figure 4b) shows numerous reflections from crystals of the Fe(Si) phase. The electron diffraction pattern also contains a diffuse halo from the amorphous matrix.



It should be noted that the information obtained with the help of electron microscopy methods is local. Therefore, in further comparative studies, the main attention was paid to the analysis of the results obtained via X-ray diffraction. The depth of penetration of the used X-ray radiation into the sample in the region of the main diffuse maximum and the most intense diffraction line was about 12 μm and varied up to 28 μm in the studied angular range. Under these conditions, the structure was analyzed in the bulk of the sample. As noted above, when analyzing the X-ray diffraction patterns of samples containing amorphous and crystalline phases, the maxima were decomposed into components: a diffuse maximum from the amorphous phase and a diffraction reflection from the crystals. In this case, the parameters of the diffuse maximum of the initial amorphous alloy were taken into account. Based on the determined values of the integral intensities of the submaxima, a change in the proportion of the amorphous (or crystalline) component of the structure was calculated. The crystal size was calculated from the broadening of the diffraction peak and compared with the data obtained from the electron-microscopic studies.



To assess the role of free volume in the process of crystallization of the amorphous phase, the samples were subjected to ultrasonic treatment for 1 h. After this treatment, the samples remained amorphous. Then, a protective coating (Ta layer) was applied to both surfaces of the ribbon. Figure 5 shows the microstructure of a sample with a protective coating. The layer thickness is indicated in the figure. After applying the protective coating, the as-prepared sample and the coated and uncoated samples processed in the ultrasonic bath were subjected to isothermal annealing simultaneously.



Figure 6 shows XRD patterns of the samples after isothermal annealing at 703 K for 1 h (the initial stage of crystallization). The X-ray diffraction pattern contains maxima characteristic of both the amorphous phase (diffuse maxima in the region of 50–56° and 90–100°) and diffraction peaks corresponding to the crystalline phase (hkl indices are indicated in the figure). Annealing at 703 K for 1 h leads to the onset of the crystallization of the amorphous Fe78Si13B9 alloy.




3.2. Crystallization of the Samples with a Ta Coating


Figure 7a shows a TEM image of the microstructure of an annealed sample (703 K, 1 h) with a protective coating. A corresponding electron diffraction pattern is shown in Figure 7b. The electron diffraction pattern shows a diffuse halo from the amorphous matrix and reflections from the crystalline phase. These reflections correspond to crystals of the Fe(Si) phase, which has a body-centered cubic lattice. The sample was prepared on a setup using focused ion beams. The near-surface regions of the sample with the remnants of the Ta layer are located in the lower part of the sample. The main part of the Ta layer was removed through polishing during electron microscopy foil preparation. It can be seen that the formation of crystals begins evenly over the sample. No effect of the protective coating on the predominant formation of crystals was found.



To estimate the fraction of the crystalline phase and the size of the formed crystals, the overlapping maxima of the XRD pattern were separated. Figure 8 shows the decomposition of the maxima for the annealed samples without a protective coating (8a) and with a protective coating (8b). In the figures, curve 1 corresponds to the experimental XRD pattern, curve 2 (red) is the summation curve, curve 3 (blue) is the scattering from the amorphous phase, and curve 4 is the reflection from the crystalline phase. In almost the entire angular range (with the exception of the region of the diffraction peak), curves 2 and 3 coincide. Peak 2 in both figures is a (110) reflection of Fe(Si) crystals. Its intensity in Figure 8b (samples with a protective coating) is noticeably greater than in Figure 8a (samples without a protective coating).



Thus, one can see in the XRD patterns (Figure 6 and Figure 8) that the peak intensity corresponding to the diffraction reflection from crystals in the sample with a protective Ta coating is higher than the intensity of the same peak in the sample without a protective coating. The observed difference in the intensities indicates the formation of a larger fraction of the crystalline phase in the sample with a protective coating. As shown earlier [69] in the early stages of crystallization, when the fraction of the crystalline phase is small, it is more correct to use the ratio of the areas of the diffuse and diffraction maxima in different samples, rather than the absolute value determined from the integrated intensity of the diffraction part of the complex peak. From this estimate, it follows that the fraction of the crystalline phase in the sample with a protective Ta coating is about 1.5 times larger than that in the uncoated sample. As mentioned above, the crystallization of the alloy begins with the precipitation of a bcc solid solution of Si in Fe. Since the composition of the formed crystals differs from that of the amorphous alloy, the parameters of diffusion mass transfer play a crucial role in the rate of amorphous alloy crystallization at this stage. The average crystal size is about 55 nm.




3.3. Crystallization of the Samples after Preliminary Ultrasonic Treatment


Figure 6 and Figure 8 demonstrate XRD patterns of the samples annealed without preliminary deformation. The second series of experiments was related to the samples subjected to ultrasonic treatment (US). The next step in the research was to perform ultrasonic treatment and compare the structure formed during the annealing of the original sample and the sample subjected to US treatment. Figure 9 shows X-ray diffraction patterns of the annealed samples (without ultrasonic treatment (1) and after ultrasonic treatment (2)). The inset shows the region of the first maximum. The diffraction peak intensity in the XRD pattern for sample 2 (after US pretreatment) is slightly larger than that for sample 1 (control sample). This means that the proportion of the crystalline phase formed in the pretreated US sample is slightly larger than the proportion of the crystalline phase formed in the sample not subjected to any pretreatment. The observed difference is small; therefore, to enhance the effect of US on crystallization and increase the fraction of the crystalline phase in the sample, a protective Ta coating was then applied.




3.4. Crystallization of the Samples with Ta Coating after Ultrasonic Treatment


The next experiment concerned the study of a sample subjected to ultrasonic treatment, after which a protective coating was applied to both sides of the sample. Figure 10 illustrates XRD patterns of the annealed samples with a protective Ta coating. Sample 1 (curve 1 in Figure 10) was subjected to ultrasonic treatment; then, it was coated with a protective coating. After that, the sample was annealed at 703 K for 1 h (the same conditions). Sample 2 (curve 2 in Figure 10) was not subjected to ultrasonic treatment. It was coated with a protective Ta layer; after that, it was annealed simultaneously with sample 1.



As in the previous cases, the X-ray diffraction pattern contains diffuse maxima typical for the amorphous phase and diffraction peaks corresponding to the crystalline phase. An analysis of the integrated intensities showed that the intensity of diffraction reflections in the sample subjected to ultrasonic treatment was significantly higher than that in the sample without this treatment. A comparative analysis of the intensities showed that the fraction of the crystalline phase in the sample subjected to ultrasonic treatment was about 1.8 times larger than that in the sample not subjected to this treatment. The crystal size was almost the same.



From the obtained data, it follows that:




	−

	
the fraction of the crystalline phase in the annealed samples with a protective coating is larger than that in the samples annealed without a protective coating;




	−

	
the fraction of the crystalline phase increases if the samples were preliminarily subjected to ultrasonic treatment.









It is known that one of the most important factors determining the crystallization of amorphous alloys is the presence of free volume [6,38,70,71,72]. Amorphous alloys produced through rapid melt quenching have a density that is 2–5% lower than the density of crystalline materials with the same composition.



Under heat treatment, structural relaxation occurs, which is accompanied by a decrease in the free volume of up to 0.5% [60]. Unlike structural relaxation, plastic deformation leads to an increase in the free volume, which can be very unevenly distributed, with a change in density reaching 12% in some places (shear bands) [39]. The authors of [40,73,74] discovered a significant acceleration of diffusion in these places. To maintain free volume under heat treatment and accelerate the crystallization process, a protective coating that hinders the migration of free volume to the sample surface via diffusion can be used [67]. The idea of maintaining free volume due to the deposition of a protective coating was used in [75] when investigating the effect of free volume on the crystallization of an amorphous Al87Ni8Gd5 alloy subjected to plastic deformation. The fraction of the nanocrystalline phase formed in the samples with a protective coating under annealing was larger than that in the uncoated samples, and a higher rate of crystal nucleation was caused by an enhanced diffusion coefficient [75].



The observed increase in the nanocrystalline phase fraction in the Fe78Si13B9 samples with a protective coating agrees with the provided data in the literature. In the coated amorphous samples, free volume diffusion to the surface is hindered due to the high energy of vacancy formation in the coating (2.72·1029 eV/m3 for Ta as compared with 2.1·1029 eV/m3 in the crystalline alloy under study) [67,75]. In an amorphous alloy, due to its disordered structure, the formation energy of a “quasi-vacancy” should be even less. The maintenance of free volume under heating promotes crystallization acceleration; that is why under the same annealing conditions, the fraction of the crystalline phase is larger in the samples with a protective coating (Figure 5, curves 1 and 2, respectively). The effect of an increase in the fraction of the crystalline phase in the samples subjected to ultrasonic treatment shown in Figure 10 is similar to the results obtained in [75].





4. Conclusions


The effect of ultrasonic treatment and a tantalum coating on the crystallization of the amorphous Fe78Si13B9 alloy has been studied. It has been shown that in the samples after ultrasonic treatment during subsequent crystallization at 703 K, the proportion of Fe(Si) crystals formed is approximately 1.8 times greater than in alloys without treatment.



The application of a Ta coating also leads to an acceleration of subsequent crystallization. Thus, the fraction of the crystalline phase in the samples of the coated Fe78Si13B9 alloy under the same annealing conditions is 1.5 times greater than in the uncoated annealed alloy.



Differences in crystallization kinetics can be explained in terms of the assumption that free volume concentration in the amorphous phase affects the crystallization process and the role of a Ta coating, which prevents the release of the free volume to the surface during heat treatment.
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Figure 1. XRD pattern of the as-prepared sample. 
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Figure 2. DSC curve (heating rate is 20 K/min). 
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Figure 3. XRD pattern of the annealed samples (773 K, 20 min). 
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Figure 4. (a) TEM image of the alloy after the first stage of crystallization. (b) The electron diffraction pattern of the structure shown in (a). 
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Figure 5. Cross-section of the sample with a protective coating (part of the sample). 
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Figure 6. XRD patterns of the annealed samples (703 K, 1 h): 1—sample with a protective Ta coating, 2—sample without a protective coating. 
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Figure 7. (a) TEM image of the alloy with a protective coating at the initial stage of crystallization. (b) The electron diffraction pattern of the structure shown in Figure 7a. 
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Figure 8. XRD pattern of the annealed samples without a protective coating (a) and with a protective coating (b) (1—experimental curve, 2 (red)—summation curve, 3 (blue)—diffuse halo from the amorphous phase, and 4 (brown)—diffraction reflection from the crystalline phase). 
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Figure 9. XRD patterns of the annealed samples (703 K, 1 h): 1—as-prepared sample, 2—sample after US treatment. 
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Figure 10. XRD patterns of the annealed samples (703 K, 1 h) with a protective Ta coating: 1—sample after ultrasonic treatment, 2—sample not subjected to ultrasonic treatment. 
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