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Abstract:

 In this work, how synchrotron radiation techniques can be applied for detecting the microstructure in metallic glass (MG) is studied. The unit cells are the basic structural units in crystals, though it has been suggested that the co-existence of various clusters may be the universal structural feature in MG. Therefore, it is a challenge to detect microstructures of MG even at the short-range scale by directly using synchrotron radiation techniques, such as X-ray diffraction and X-ray absorption methods. Here, a feasible scheme is developed where some state-of-the-art synchrotron radiation-based experiments can be combined with simulations to investigate the microstructure in MG. By studying a typical MG composition (Zr70Pd30), it is found that various clusters do co-exist in its microstructure, and icosahedral-like clusters are the popular structural units. This is the structural origin where there is precipitation of an icosahedral quasicrystalline phase prior to phase transformation from glass to crystal when heating Zr70Pd30 MG.
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1. Introduction

The atomic structure of metallic glass (MG) is a long-standing issue and has been attracting great interest since the 1960s [1,2,3,4,5,6,7] because of its unique properties and forming ability which is strongly related to its atomic structure. The microstructure of MG is rather complex, and the three-dimensional structural picture in this class of alloys is far from being established. Fortunately, thus far, several structural models have been proposed theoretically, enhancing the understanding of the glass-forming mechanisms in binary MG by building and stacking clusters in space to reveal their short-range and medium-range orderings [5,8,9,10]. However, there is a challenge in probing the atomic-scale structure by using conventional experimental techniques. As an advanced experimental platform, a synchrotron radiation facility can provide a series of state-of-the-art techniques for detecting the microstructure of various materials, especial for some amorphous materials [11]. In the previous work, synchrotron radiation methods such as X-ray diffraction (XRD) and extended X-ray absorption fine structure (EXAFS) and neutron diffraction have been applied for studying MG [12,13,14]. Nevertheless, because XRD and EXAFS can only provide the average atomic distributions and the average surroundings of each kind of atom (element-specific), respectively, whether performing these synchrotron radiation experiments can directly reveal the complex microstructure of MG is a controversial issue [15,16].

In this work, a feasible scheme for addressing this issue is developed by performing a series of state-of-the-art synchrotron radiation-based experiments combined with simulations to investigate the microstructures of amorphous alloys [17,18]. Zr70Pd30 binary alloy is selected as the research prototype due to the following reasons: (1) compared with multicomponent alloys, the Zr70Pd30 alloy has a relatively simple composition, enhancing the reliability of structural results; (2) an icosahedral quasicrystalline primary phase (I-phase) was detected when heating the Zr70Pd30 MG [19], and it was suggested that icosahedral clusters are the basic building blocks in the microstructure of this glassy alloy [20]. Therefore, as a contrast, the icosahedral cluster can be used as the initial structural model to directly fit EXAFS signals.



2. Experimental Section

The Zr70Pd30 binary ingot was prepared by arc-melting high-purity metals (99.9% Zr and 99.9% Pd) [21,22]. Amorphous ribbons with a cross-section of 0.04 × 2 mm2 were produced from the ingot via single-roller melt spinning at a wheel surface velocity of 40 m/s in purified Ar atmosphere. Firstly, X-ray diffraction (Cu Kα, radiation) and high-resolution electron microscopy measurements were performed to confirm the amorphous state of the as-prepared sample. Subsequently, room temperature X-ray diffraction (XRD) measurement was performed using a high-energy synchrotron radiation monochromatic beam (about 100 KeV) on beam line BW5 in Hasylab, Germany [23]. Two-dimension diffraction data was collected by a Mar345 image plate, and then was integrated to Q-space (Q is the wave vector transfer) after subtracting the corresponding background by using program Fit2D [24]. The output data was normalized by software PDFgetX to obtain structure factor S(Q) according to the Faber-Ziman equation [25]. Furthermore, extended X-ray absorption fine structure (EXAFS) measurements for Zr and Pd K-edge were carried out using transmission mode at beam lines BL14W1, in the Shanghai Synchrotron Radiation Facility of China and U7C, in the National Synchrotron Radiation Laboratory (NSRL) of China. These EXAFS raw data were normalized via a standard data-reduced procedure, employing the Visual Processing in EXAFS Researches (VIPER) [26].

In this work, two methods were applied for detecting the microstructure of Zr70Pd30 MG, based on the normalized EXAFS and XRD data. The first method is that we directly fit the Zr and the Pd K-edge EXAFS signals with the Zr- and the Pd-centered icosahedral cluster models simultaneously, using the software VIPER. According to our previous work [14], these two icosahedral models could be obtained by extracting some typical clusters from ZrPd binary crystalline phases, such as the Zr2Pd1 tetragonal phase. The second method is that rather than fitting the EXAFS signals directly, we simulated all the EXAFS and XRD data simultaneously under the framework of reverse Monte-Carlo (RMC) [27], because the RMC-simulation technique is an efficient iterative method for building a structural model in disordered systems with detailed structural information that agree quantitatively with experimental data (such as synchrotron radiation-based XRD and EXAFS, and neutron-diffraction data) [28].



3. Results and Discussion

When directly fitting the EXAFS signals with the Zr- and Pd-centered icosahedral cluster models, fixing and unfixing the coordination numbers (CNs) of the cluster models were both tried. Fixing the CNs of the cluster model to fit the EXAFS signal is usually adopted when the short-range ordering (local structure) of the measured sample resembles the cluster model. Because it was suggested that the icosahedral clusters are the building blocks in ZrPd binary MG, the icosahedral quasicrystalline primary phase could appear during annealing [19]. Thus, it seems reasonable to fit the EXAFS signals by fixing the CNs of the icosahedral cluster models. Figure 1 shows the Zr and the Pd K-edge EXAFS signals (κ3·χ(κ)), as well as their fitted data.

Figure 1. The fitted EXAFS signals of (a) Zr K-edge; and (b) Pd K-edge. The experimental and fitted data are plotted with solid and dashed lines, respectively. Here κ is the wave vector, and the original EXAFS signal (χ(κ)) is weighted by κ3. The icosahedral cluster model is the initial fitting model. Here, fixing and unfixing the CN of icosahedral cluster models were both tried.
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These fitted Zr and Pd K-edge EXAFS curves are consistent with their experimental counterparts. All the fitted data are listed in Table 1, including the CNs around Zr or Pd centers, atomic distances (R), energy shifts, and the relative displacement of atoms. These fitted data are some physical parameters that not only can reflect the short-range orderings in the microstructure of MG, but also can be applied for evaluating the success of the fitting itself. As shown in Table 1, when the total CNs around Zr or Pd centers are fixed, the energy shifts have abnormal values larger than 20 eV, which are seldom observed if the structural model can fit the experimental data properly. On the other hand, when the total CNs around Zr or Pd centers are not fixed, there are abnormal CN values far from that of the icosahedral cluster (CN = 12). For instance, the CN of Zr centers (6.0 + 2.9 = 8.9) is much smaller than 12, while that of Pd centers (2.8 + 17.1 = 19.9) is much larger than 12. The abnormal values of these physical parameters indicate that it is not proper to fit the EXAFS signals of MG directly by using the icosahedral cluster model, whether the CN of this model is fixed or not.


Table 1. Atomic structural information obtained from the EXAFS fitting, including coordination numbers (CNs) around Zr or Pd centers, atomic distances (R), energy shifts, and the relative displacement of atoms.



	
Absorption Edge

	
Fitting Condition

	
R (Å) ± 0.02

	
CN ± 0.1

	
σ2 (Å) ± 0.001

	
E0 Shift (eV) ± 0.01




	
ZrZr

	
ZrPd

	
ZrZr

	
ZrPd

	
ZrZr

	
ZrPd

	
ZrZr

	
ZrPd






	
Zr K-edge

	
CN unfixed

	
3.10

	
3.00

	
6.0

	
2.9

	
0.038

	
0.014

	
1.20

	
−11.80




	
CN fixed

	
3.10

	
3.01

	
8.8

	
3.2

	
0.045

	
0.015

	
24.01

	
−23.34




	
-

	
-

	
PdPd

	
PdZr

	
PdPd

	
PdZr

	
PdPd

	
PdZr

	
PdPd

	
PdZr




	
Pd K-edge

	
CN unfixed

	
2.74

	
2.95

	
2.8

	
17.1

	
0.013

	
0.068

	
−9.72

	
−4.62




	
CN fixed

	
2.71

	
2.90

	
2.7

	
9.3

	
0.015

	
0.078

	
−21.72

	
−22.58











Figure 2a shows the original two-dimensional X-ray diffraction pattern of Zr70Pd30 and Figure 2b is the RMC-simulated structural model. Figure 2c–f show the simulated S(Q) curve, the G(r) curve, the Zr and Pd K-edge EXAFS spectra, as well as their corresponding experimental data. As shown in Figure 2a,c, i.e., the two-dimensional diffraction pattern and the one-dimensional diffraction data, except for a bright hole (sharp peak) located at about 2.5–3.5 Å−1 and some other halos (broad peaks) ranging from 4–6 Å−1 and 6–8 Å−1, there is no circle (sharp Bragg peak). Therefore, the full amorphous structure in this sample is confirmed. The good matching between all the experiment-simulation pairs confirms success of the RMC simulation. The simulated structural model shown in Figure 2b contains a mass of position-determined atoms, so that atomic- and cluster-level structural information can be deduced accordingly. On the atomic scale, the nearest atomic-pair distances are listed in Table 2. Such data are compared with the sum of their Goldschmidt atomic radii (SGAR) and those extracted from the corresponding crystalline compounds, such as the Zr2Pd1 tetragonal phase obtained by annealing treatment on the Zr70Pd30 MG [19]. Atomic-pair distances in the Zr2Pd1 I-phase are not provided here due to the lack of such values. It is found that the Zr–Pd bond apparently differs from both values of the SGAR and the tetragonal phase so that its length is shortened by 0.1–0.2 Å. This strongly suggests that a strong interaction between Zr and Pd atoms occurs in the Zr70Pd30 binary glassy alloy, which is consistent with the previous work [29], in particular the findings of the d-band bonding changes with the transition metals [30,31].

Figure 2. (a) The original two-dimensional X-ray diffraction pattern of Zr70Pd30 and (b) the RMC-simulated structural model. (c), (d), (e), and (f) are the RMC-simulated S(Q), G(r), Zr K-edge, and Pd K-edge EXAFS signals, as well as their corresponding experimental data. The experimental and the simulated data are plotted with solid and dashed lines, respectively.
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Table 2. The nearest atomic-pair distances deduced from the RMC-simulated structural models of Zr70Pd30 MG, the Goldschmidt atomic radii (SGAR) values, and the corresponding Zr2Pd1 crystalline alloy.



	
Atomic Pairs

	
Atomic-Pair Distances (Å) ± 0.02




	
Zr70Pd30 MG

	
SGAR

	
Crystalline Alloy






	
Zr–Zr

	
3.20

	
3.20

	
3.23




	
Zr–Pd

	
2.90

	
2.97

	
3.06




	
Pd–Pd

	
2.76

	
2.74

	
3.31




	
Pd–Zr

	
2.90

	
2.97

	
3.06













Furthermore, Voronoi tessellation [32] is carried out to analyze the RMC-simulated structural model, from which various indexed Voronoi clusters (VCs) can be obtained. Distributions of the major VCs centered with Zr or Pd atoms are plotted in Figure 3. In the present work, Zr atoms should be regarded as the solvents while Pd atoms should be the solutes, considering their concentrations. It is found that there are hundreds of types of VCs, and the most popular solvent-centered and solute-centered VCs are indexed as <0,2,8,4>, <0,1,10,2>, <0,3,6,4>, and <0,2,8,2>, <0,3,6,3>, <0,2,8,1>, respectively. This is consistent with the co-existence of various clusters presented in the theoretical work [5]. In each <n3,n4,n5,n6> indexed VC, ni denotes the number (n) of the i-fold rotation symmetry, and indicates the number of shell atoms connected with other i shell atoms. In addition, the CN of the center atom in a <n3,n4,n5,n6> VC can be deduced because Σni stands for the number of the shell atoms around the center. For instance, the center atom in a <0,2,8,2> VC has a CN of 12. As shown in Figure 3, the solvent and the solute have CNs ranging from 12–15 and 10–13, respectively. This indicates that the average CN around the solvent is obviously larger than its counterpart around the solute. According to the efficient cluster-packing model [33], the optimal CN relates to the size ratio between the center atom and the shell atoms in clusters. In our case, it is obvious that the Zr atom has a larger radius than that of the Pd atom. Therefore, it is reasonable that the Zr centers have more near neighbors.

Figure 3. Distribution of the major Voronoi clusters centered with (a) Zr and (b) Pd atoms. Only those whose fractions are larger than 1.5% are selected. The CN value denotes the number of shell atoms of each VC, i.e., the CN around the center atom.
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It has been pointed out that the ideal icosahedral or icosahedral-like VCs are indexed as <0,0,12,0>, <0,2,8,2>, <0,3,6,3>, <0,4,4,4>, <0,1,10,2>, and so on [32]. Configurations of these icosahedral or icosahedral-like VCs are plotted in Figure 4a–e. The icosahedron deduced from the Zr2Pd1 I-phase is also shown in Figure 4f, which is extremely similar with that shown in Figure 4a. It is observed in Figure 3 that icosahedral or icosahedral-like VCs have relatively high fractions. In particular, it is worth noting that the icosahedral-like VCs with a CN of 12 (such as <0,2,8,2> and <0,3,6,3>) are some popular structural units centered with Pd atoms. According to the relationship between the R value (the size ratio between the center and the shell atoms, where the optimal R value is the so-called R*) and the CN [29], the estimated R value is close to the R* corresponding to a CN of 12, which is in agreement with our result mentioned above.

Figure 4. Configurations of the icosahedral or icosahedral-like VCs extracted from the RMC-simulated structural model, including: (a) <0,0,12,0>; (b) <0,2,8,2>; (c) <0,3,6,3>; (d) <0,4,4,4>; and (e) <0,1,10,2>. The number labeled on each shell atom stands for the number of its neighbor (connected) shell atoms, and also indicates the i-fold rotation symmetry. The icosahedron deduced from the Zr2Pd1 I-phase is shown in (f), which is extremely similar with that shown in (a).
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Here we can explain why there is precipitation of an icosahedral quasicrystalline phase prior to phase transformation from glass to crystal when heating Zr70Pd30 MG. We have revealed that there are popular icosahedral or icosahedral-like VCs in the microstructure of Zr70Pd30 MG. There is not a large configuration discrepancy between VCs in the Zr70Pd30 MG and those in the Zr2Pd1 I-phase, leading to their relatively small energy barrier of phase transformation. Therefore, the Zr2Pd1 I-phase is easy to form by rearranging and stacking those icosahedral or icosahedral-like VCs with quasi-periodicity during annealing. When adequate energy is provided to overcome the energy barrier during annealing, both the Zr2Pd1 I-phase and the residual amorphous phase will transform into the Zr2Pd1 tetragonal phase, as observed experimentally [19].



4. Conclusions

In summary, how synchrotron radiation techniques can be applied for detecting the microstructure in MG is studied. It is found that fitting the EXAFS signal of MG with a structural model directly cannot provide reliable structural information. A feasible scheme for investigating the microstructure of amorphous alloys is required. Combining synchrotron radiation-based experiments with simulations is tried in this work. It is revealed that the co-existence of various clusters is the intrinsic nature in the amorphous structure, and some icosahedral or icosahedral-like VCs are the popular structural units. This leads to their relatively small energy barrier for the amorphous-to-quasicrystal phase transformation, and can explain why there is precipitation of an icosahedral quasicrystalline phase prior to phase transformation from glass to crystal when annealing the Zr70Pd30 MG.
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