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Since the emergence of amorphous alloys as a new class of materials, efficiency improvements have been made in optimizing the fabrication process, the mechanization of alloy formation, and the size of the alloys themselves. Amorphous alloys have been used in precision instruments as they possess excellent magnetic properties, corrosion resistance, wear resistance, high strength, hardness, toughness, high electrical resistivity, and electromechanical coupling properties. Because their hysteresis losses are lower than those of traditional transformer cores, the conversion efficiency of equipment has been significantly improved, thereby saving energy and protecting the environment. Hence, amorphous iron cores have replaced traditional materials. Amorphous alloys also show excellent performance as anti-corrosion and wear-resistant coatings. The process of preparing amorphous alloys starts with an amorphous alloy film obtained by evaporation deposition and then proceeds to the use of a high cooling rate ribbon spinning method to finally obtain a thin strip of an amorphous alloy. A widely used method of copper mold suction casting is then used to prepare the bulk amorphous alloy. The sizes of amorphous alloys have been continually increasing, which has resulted in increasingly serious challenges, such as cooling rate and thermal stability limitations. In addition, crystals can form at low cooling rates. The latent heat of crystallization is released when crystals are formed, which causes damage to the amorphous area so that the size of amorphous alloys is reduced. Because of these difficulties, new processes that eliminate the cooling rate gradient, such as 3D additive manufacturing, ultrasonic production, and mold design, combined with the concept of “entropy control” component design and the economic theory of “balanced development,” lead to a three-dimensional bulk amorphous alloy being proposed. The theory of balanced growth provides a new concept for the development and application of bulk amorphous alloys. This review offers a retrospective view of recent studies of amorphous alloys and provides a description of the formation of amorphous alloys and amorphous phases and the criteria required to predict the successful formation of amorphous alloys. Then, we address the problem of size limitation confronting current production methods. The three-dimensional balanced growth theory of bulk amorphous alloys was formulated from a flexible adaptation of the balanced growth theory of economics. We have confidence that the production and development of bulk amorphous alloys have a bright future.
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INTRODUCTION
Amorphous and crystalline substances are both ubiquitous forms of matter found in nature. The discovery of amorphous alloys represents a great step forward in the progress of science, which opens up many different fields for applications involving these materials. The study of bulk amorphous alloys, in particular, has become the research frontier in the field of amorphous alloys generally. Since their discovery in the 1960s, these alloys, also known as metallic glasses, have been widely used in high-precision and civil fields because of their unique properties. For example, their high specific strength, excellent corrosion resistance, soft magnetic properties, and unique net forming ability have aroused the interest of researchers in several scientific and engineering disciplines. However, the size of amorphous alloys is one of the important factors limiting their application, which has therefore become a hot research topic. From the perspective of the development of amorphous alloys, from the initial increase in cooling rate to the synthesis of amorphous alloys by adding precious metals and other elements, and finally to the theory of entropy regulation used in their design to increase their size, it has been found that the main factors affecting their formation are their amorphous forming ability and the external cooling rate (Takeuchi and Inoue, 2001). Based on this research, exploring new theoretical methods and improving the development of the preparation technology are the key approaches to overcoming the size limitations of bulk amorphous alloys.
Amorphous metals were first discovered in 1938. At that time, many people thought that metals could not be solidified into an amorphous form, but the German physicist Kramer (1934) has prepared Sn amorphous films using numerous evaporation–deposition experiments. This method has been verified and improved on by subsequent researchers and has been developed to prepare amorphous thin films by electrodeposition, which became the earliest form of amorphous coating technology. Through a mercury undercooling experiment in 1950, Turnbull (1952) has proposed that increasing the cooling rate can force the metal to melt far away from its equilibrium state and reach the deep undercooling zone to form an amorphous state; the faster the cooling rate, the more obvious is this phenomenon. The theory can then be extended to any metal melt. If the cooling rate is fast enough, the melt solidifies to form a glass without diffusion. Thus, Turnbull’s theory has laid a theoretical foundation for the development of amorphous alloys. The deep eutectic point and the reduced glass temperature (Trg), which is related to the melting point (Cohen and Turnbull, 1958, Cohen and Turnbull, 1959), have been proposed, and the kinetic theory of amorphous formation was perfected with Uhlmann (1977). Combined with classical nucleation theory and phase transformation theory, the basic factors affecting the amorphous formation, such as cooling rate and undercooling, were put forward. In 1960, in order to prove these theoretical conjectures, Klement et al. (1960) have used a cooling rate as high as 105–106 K/s to prepare amorphous alloy samples with a thickness of only 20 μm. This was the first time in the history of amorphous alloy development that a true example of an amorphous alloy had been prepared by an artificial method. However, due to the limitations of this technology, it is difficult to attain the high cooling rates required for their preparation, which hinders the further development of amorphous alloys.
With more intensive research, in the late 1960s, Chen (1974) has studied the glass-forming ability of a palladium-based alloy system at Bell Labs in the United States and prepared a Pd-Cu-Si metal glass rod with millimeter diameter. By this time, a breakthrough in the size of amorphous alloys had been achieved, from initial thin films to millimeter-sized rods, by adding various precious metals. In order to avoid the limitations of these metals, Inoue et al. (1989) have prepared millimeter-sized amorphous alloys of Mg-Cu-Si and La-Al-Ni by adding non-precious metals. From this, amorphous alloys of Zr, Zn, Cu, Sr, Ti, and other systems with excellent properties were prepared by metal mold casting. The critical size achieved by Inoue et al. (1990), Jiao et al. (2010), and Li et al. (2012) was greater than 1 mm, and the preparation conditions were no longer as harsh as before. Following these breakthroughs, the size of bulk metallic glasses and bulk amorphous alloys was on the order of millimeters. Inoue has obtained multicomponent bulk metallic glasses not only by improving the preparation technology but also by improving the composition of the alloy system and reducing the cooling rate, thereby obtaining amorphous alloy samples with a critical size of centimeters. Metal mold casting technology has also laid the foundations for modern copper mold suction casting technology. At the same time, Greer (1993) has put forward the “confusion principle” (Li and Zhang, 2017). Inspired by these continuous improvements, Inoue summarized the law of formation of bulk amorphous alloys, known as “Inoue’s three principles,” as follows: 1) the alloy system consists of at least three elements; 2) the three main constituent elements must have a sufficiently large difference in their atomic sizes; 3) high heats of mixing released should exist between the components. The theory has guided the formation and development of amorphous alloys ever since.
In the history of the development of amorphous alloys, the breakthroughs in their sizes have gone from thin films to millimeter rods, to amorphous films, to bulk amorphous alloys, and from rapid cooling technology to copper mold casting, then to improvements in composition. The purpose of increasing the cooling rate and improving alloy composition is to improve their amorphous forming ability, which is a crucial factor in the formation of amorphous alloys.
FORMATION ABILITY OF AMORPHOUS ALLOYS
Development of Formation Ability
The formation of amorphous alloys is a complex process and is an intuitive manifestation of the comprehensive effect of dynamics, thermodynamics, structure, and other factors in the process of solidification transformation, which can characterize the difficulties experienced in the transition from the liquid to the glassy state in alloy systems. In decades of research, the ability to form amorphous alloys has been constantly discussed, and new insights have supplemented scientists’ knowledge and understanding of this process.
Amorphous alloys can be prepared by improving the cooling rate. It is generally believed that the stronger the metal’s ability to form an amorphous alloy, the larger the size of the amorphous sample that forms under the same cooling conditions. Based on this, Lin and Johnson (1995) have proposed the critical cooling rate (Rc) to characterize the forming ability of an amorphous alloy, as given by Eq. (1)
[image: image]
where T is temperature, t is time, and D is critical size. Johnson et al. (2011) have explained that nucleation is controlled by different mechanisms in the shallow supercooled liquid region from the melting temperature (Tm) to the “nose tip” temperature and in the deep supercooled liquid region from the “nose tip” temperature to the glass transition temperature (Tg). Figure 1 shows that, in the shallow supercooled liquid region, crystallization is controlled by nucleation. In this temperature range, the growth rate of the crystal nucleus is very large and, as long as the crystal nucleus appears, it is easier to form crystals. However, it is relatively easy to nucleate in the deep supercooled liquid region, but the growth of the crystal nucleus is more difficult, which is achieved by the long-range diffusion of atoms. Crystallization is inhibited by controlling the diffusion process of atoms to form the amorphous alloy.
[image: Figure 1]FIGURE 1 | Time–temperature transition (3T) from alloy melt to amorphous alloy (Wang, 2013).
Turnbull (1969) has put forward the famous criterion of amorphous forming ability according to classical nucleation theory; that is, the reduced temperature Tr is used to measure the amorphous forming ability of a liquid, as given by Eq. (2):
[image: image]
As shown in Figure 2, when [image: image], there is no heterogeneous nucleation during solidification, the viscosity of the liquid metal is very high, and the rate of homogeneous nucleation is very low so that it is easier to form an amorphous state. When [image: image], the amorphous alloy must be obtained at a higher cooling rate.
[image: Figure 2]FIGURE 2 | Relationship between reduction temperature and the logarithm of the nucleation rate in Turnbull’s amorphous formation theory (Wang, 2013).
In addition to using the reduced glass temperature Trg to characterize the interval between the melting temperature and the glass transition temperature, some researchers have also used the supercooled liquid region ΔTx ([image: image], where Tx is the initial crystallization temperature) to indirectly reflect the glass-forming ability (Inoue et al., 1990). Generally speaking, the larger the width of ΔTx in the supercooled liquid region, the higher the thermal stability and the stronger the crystallization resistance.
Based on the above research and the “confusion principle” put forward by Greer, the conclusion is that the more the alloy components, the more difficult the long-range diffusion of atoms and the higher the probability of random close packing (Greer, 1993).
The development and progress of science is a dialectical process. In 2004, Cantor et al. (2004) and others developed more than 20 kinds of alloy systems based on the principle of chaos. Amorphous alloys could not be obtained in any other way, which were called multicomponent alloys at the time. Yeh et al. (2004) have later put forward the concept of high-entropy alloys; then, in 2008, Zhang et al. (2008) have summarized the law of phase formation of multicomponent alloy systems. Thus, although the classical amorphous formation criterion has been a very important guiding factor, it also has some limitations. However, with the continuous development of the criterion of amorphous forming ability, from Greer’s “confusion principle” to “Inoue’s three principles,” the thermodynamic parameter of entropy plays an important role in amorphous alloy formation.
There has been a considerable amount of discussion about the role of entropy in amorphous alloy formation. Classical nucleation theory and crystal growth theory both emphasize the effect of the liquid–solid Gibbs free energy difference ΔGl–s and the thermodynamic interfacial energy. The kinetic melt viscosity η (or the relaxation time τ and the diffusion coefficient) is an important parameter for determining the formation of amorphous alloys. In classical nucleation theory, when the temperature is lower than the melting point Tm, the melt enters a supercooled state, and the critical radius Rc at which stable nuclei can form in the supercooled liquid is given by thefollowing Eq. (3):
[image: image]
The critical nuclear energy Ec needed to form this crystal nucleus is given by Eq. (4):
[image: image]
The free energy difference ΔGl–s between the solid and liquid phases is the driving force for crystal formation. Thus, to obtain an amorphous alloy, it is necessary to reduce the free energy difference between the solid and liquid phases so that the shape of nuclear energy increases, which means that it is not easy to form crystals, which tend to form amorphously. The equation for the simplified free energy difference was given by Johnson (1986), as Eq. (5):
[image: image]
where ΔSf represents the melting entropy, that is, the entropy difference between the solid and liquid phases near the melting point. It can be seen from Eq. 5 that when ΔSf decreases, ΔGl–s also decreases, which is beneficial to the formation of amorphous alloys. When the number of components in the alloy system increases, compared with a traditional alloy, ΔSf near the melting point of the solid–liquid phase also decreases. Therefore, from the point of view of thermodynamics, the increase in entropy is beneficial to the formation of amorphous alloys.
As solidification is the process of atom nucleation and growth through long-range diffusion, the formation of amorphous crystals is also affected by kinetic factors. For a multicomponent alloy system, when R > Rc, the melt enters a supercooled state. As the temperature decreases, the viscosity of the melt becomes ever larger, causing the diffusion of atoms to be hindered, deviating from the equilibrium state of the system, and forming an amorphous state. Accordingly, the relationship between liquid configuration entropy and viscosity coefficient, established by Adam and Gibbs (1965), is given by Eq. (6):
[image: image]
where A is a constant and η0 is the reference dynamic viscosity coefficient under one atmosphere. It can be seen that with an increase in the number of components, the configuration entropy will increase, and the decrease in the viscosity coefficient η means that the fluidity of the melt increases, which is conducive to the long-range diffusion of atoms and is unfavorable for the formation of amorphous alloys. Therefore, from a dynamic point of view, the increase in entropy is not conducive to the formation of amorphous alloys.
In terms of structure, one of the “Inoue three principles” states that there must be a sufficiently large atomic size difference σ between the atoms of the constituent elements. An atomic size difference of greater than 12% is the most conducive. The compact and random stacking structure can improve the amorphous forming ability effectively (Egami and Waseda, 1984). The free volume model is used to analyze the influence of atomic size differences. In this model, the viscosity coefficient η is expressed as follows (Spaepen, 1977):
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where A and K are constants and Vf is the free volume. The relationship between the free volume and the self-diffusion coefficient of the liquid can be approximately expressed by the Stokes–Einstein equation, as given by Eq. (8):
[image: image]
where kB is the Boltzmann constant and r0 is the molecular diameter. When the atomic size is uneven, a closely stacked structure will be formed, the free volume will decrease, the solid–liquid interface of the alloy can be increased, the viscosity of the melt will increase, and the long-range diffusion of atoms will be hindered. Unlike a crystal, the short-range local atomic arrangement of an amorphous alloy is composed mainly of icosahedral clusters, such as in the La-Al-TM (TM = transition metal) alloy, which has been shown by high-resolution transmission electron microscopy (XRD) and neutron scattering (Chen and Ma, 2011).
In contrast, the mismatch entropy Sσ (one component of the configuration entropy) is used to discuss the effect of Sσ on the formation of amorphous alloys. The standardized mismatch entropy [image: image] is usually used to describe the degree of mismatch between atoms in the system and to reflect the elastic properties of the system. Previous calculations by Takeuchi et al. (2013) have shown that the standardized mismatch entropy [image: image] is related to the atomic size difference, as given by the following Eq. (9)
[image: image]
When the atomic size difference is large, the interaction between atoms is strong, and it is not easy to form a stable structure. In addition, when nonmetallic elements such as Si are added to the alloy system, the bonding mode of the latter becomes more complex, and the metals with a strong ability to form amorphous alloys with Si or Sn can do so more easily. Therefore, the mismatch entropy is related to the atomic size difference δ. The larger the atomic size difference, the greater the mismatch entropy. From the structural conditions of amorphous formation, the increase in the misalignment entropy helps increase the amorphous formation capacity. However, it is worth noting that the influence of structure is also different in different alloy systems. Generally speaking, an increase in entropy is beneficial to the formation of amorphous alloys at the structural level. It can be seen from Figure 3 that the formation region of the amorphous phase is for δ > 9, −49 ≤ ΔHmix ≤ −5.5 kJ/mol, 7 ≤ ΔSmix ≤ 16 J/(K·mol) (Guo et al., 2013); that is to say, when the alloy composition parameters involved fall within this range, the multicomponent alloy formed will be amorphous, for which Li et al. (2017) and others have confirmed the accuracy of their predictions.
[image: Figure 3]FIGURE 3 | (A) ΔHmix—δ and (B) ΔSmix—δ plots showing the phase selection in high-entropy bulk metallic glass (HE-BMG) alloys (Li et al., 2017).
In researching and discussing amorphous formation ability, the effects of the various factors involved are found to be very complex. In terms of the effects of the above thermodynamic and kinetic parameters on amorphous alloy formation, there is no unified parameter for measuring, estimating, and predicting amorphous alloy formation, where the inclusion of too many parameters leads to confusion and a lack of understanding.
Recently, Wang et al. (2020) have discussed the synergistic and competitive relationship between enthalpy and entropy in the process of amorphous alloy formation. They have found a certain relationship between the melting entropy and melting point Tm, the critical cooling rate Rc, the classical amorphous formation parameter [image: image], and the kinetic melt viscosity. Entropy is considered to be more suitable as a thermodynamic representative parameter of the amorphous formation energy. Unlike the relationship between the entropy of melting and its parameters in kinetics, the enthalpy or entropy caused by different structures in thermodynamics has different numerical values. Therefore, these thermodynamic parameters of different materials and different systems need a structural parameter to normalize the entropy of melting, aiding discussion of the differences. The structural parameter is the Beads number (Tu et al., 2016), reflecting the degree of freedom of molecular rotation or orientation and can be used as a normalized parameter to avoid this problem. The feasibility of using this parameter has been confirmed from studies of drug molecules and intermetallic compounds, but whether it is the most crucial parameter remains to be seen. Thus far, the above discussion has been about the parameters of amorphous forming ability, but its effectiveness and widespread use need to be proved for a greater number of different alloy systems.
The Effect of Rare Earth Elements on the Glass-Formation Ability of Amorphous Alloys
The electronic shells structure of rare earth elements can usually be represented by 4f n5d16s2, and n is from 0 to 14. With the increase of atomic number, the 4f electron shell is gradually filled, and the neighboring rare earth elements only differ by one electron in the 4f atomic orbital. Therefore, the physical and chemical properties of the elements are similar. From the perspective of the electronic shells structure of rare earth elements, they have a high electronic valence, large atomic radius, strong polarization, and therefore strong chemical activity, which can form oxides, sulfides, chlorides, fluorides, hydroxides, and carbonates and many other compounds. Compared with ordinary metals and alloys, it has some unique effects, among which adding a proper amount of rare earth elements into the amorphous alloy can effectively improve the glass-formation ability. As early as 1989, Ning Yuantao et al. systematically studied the influence of La, Ce, Pr, and other eight rare earth elements on the thermal stability of PdSi16.5 amorphous alloy (Ning Yuantao et al., 1989). The results showed that rare earth elements, especially heavy rare earth elements, could significantly improve the thermodynamic parameters of the amorphous alloy, including characteristic transition temperature Tθ [Tg (glass transition temperature), Tx (initial crystallization temperature), Tp (peak crystallization temperature), and Trg (reduced glass temperature)]. As mentioned above, Tg (glass transition temperature), Tx (initial crystallization temperature), and Trg (reduced glass temperature) are classical parameters to describe the formation ability of amorphous alloys, and the improvement of these parameters contributes to the glass-formation ability (GFA). The crystallization activation energy is the increase in the critical nucleation energy of crystallization, as described in Eq. 4, which is conducive to the formation of amorphous alloys.
Adding rare earth elements to amorphous alloys is an effective method to increase the size of amorphous alloys and improve the GFA. Yong et al. (2000) investigated the changes of adding different contents of rare earth metal yttrium in Zr55Al15Ni10Cu20 alloys. The results were observed by XRD, DSC, and DTA measurements. The effect of yttrium addition on the alloy phase change was observed. As shown in Figure 4, with the addition of 1–4% yttrium, the crystalline peak diffraction becomes gradually lesser and weaker. When the amount of yttrium reaches 4%, almost no crystalline diffraction peaks were observed. However, when the yttrium content continued to increase to 6%, part of the crystal phase was precipitated. Therefore, the proper addition of yttrium could inhibit the formation of the crystal phase and improve the GFA. At the same time, the same trend was also confirmed by DTA and DSC measurements; that is, the appropriate addition of yttrium could reduce the melting temperature Tm of the alloy. As shown in Figure 5 and Figure 6, with the heating rate of 0.67 K/s, the DTA test results showed an obvious glass transformation process when the amount of yttrium was 2 and 4%, and the subcooled liquid region ([image: image]) was widened. In order to explore the influence of rare earth element yttrium on the thermodynamic parameters, the samples were prepared under the conditions of raw material purity and low vacuum. With the heating rate of 0.33 K/s, DSC test results showed that the supercooled liquid phase ΔT reaches the maximum value when the addition amount reaches 2% and the glass transition temperature Trg is reduced to the maximum value when the addition amount is 4%. The larger ΔT and Trg are, the easier it is to form an amorphous state and the lower the critical cooling rate will be. The results of the thermodynamic analysis also prove that the appropriate addition of yttrium can improve the GFA under low raw material purity and low vacuum conditions. In 2006, similar results were obtained by adding yttrium to Cu-Zr-Al amorphous alloy, as shown in Figure 7, as the yttrium content increases from 0.5 to 2.5 at.%, XRD patterns of the resultant alloys generally show a diffusive amorphous hump with only a few small crystallization peaks, and especially, there are no obvious crystallization peaks observed for the sample with 2% yttrium (Zhang et al. 2006). Moreover, the fusion entropy was calculated after adding yttrium as the added yttrium in the Cu-Zr-Al alloy system is larger than 2 at.%, ΔSf decreases. As a result, the total free energy barrier will decrease, thus facilitating the formation of the crystalline phases of Cu10Zr7 and CuZr.
[image: Figure 4]FIGURE 4 | XRD patterns of the (Zr65Al85Ni10Cu20)100-xYx. © 2000 The Japan Institute of Metals (Yong et al., 2000).
[image: Figure 5]FIGURE 5 | DTA curves of (Zr65Al85Ni10Cu20)100-xYx, alloy with a heating rate of 0.33K/s: (A) DSC curves of (Zr65Al85Ni10Cu20)98Y2, alloy with a heating rate of 0.67K/s; (B) © 2000 The Japan Institute of Metals (Yong et al., 2000).
[image: Figure 6]FIGURE 6 | ΔT and Trg changes with x of (Zr65Al85Ni10Cu20)100-xYx alloys. © 2000 The Japan Institute of Metals (Yong et al., 2000).
[image: Figure 7]FIGURE 7 | Color online XRD patterns of (Cu0.48Zr0.48Al0.04)100-xYx, x = 0–7 at.% alloys with a diameter of 3 mm. The crystalline phases are identified to be CuZr and Cu10Zr7 phases. © 2006 American Institute of Physics (Zhang et al., 2006).
The influence of adding a proper amount of rare earth elements to the amorphous alloy on the amorphous formation ability can be summarized as follows:
1) The atomic radius of rare earth elements is larger than that of ordinary metal elements, and the atomic size difference δ is larger after adding rare earth elements, making the entropy ΔS larger.
2) The addition of rare earth elements can effectively improve the stability of characteristic transition temperature Tθ to external temperature variation.
3) The addition of rare earth elements makes the liquidus decrease; thus, the eutectic temperature decreases and the crystal structure is not easy to form.
4) Rare earth elements are more likely to combine with impurity elements when forming compounds such as oxides and carbides. It can scavenge the impurities via the formation of innocuous oxides and carbides and reduce the heterogeneous nucleation.
Prediction of Amorphous Phase Formation
In the previous discussion, the forming ability of amorphous alloys was analyzed from the point of view of thermodynamics and kinetics. Entropy and enthalpy alone cannot control the formation of the amorphous phase. In the Gibbs thermodynamic equation, the formation of amorphous alloys is only expressed as the interaction of entropy and enthalpy. However, in order to describe which parameter of entropy and enthalpy contributes more to the formation of amorphous alloy, it is necessary to express the proportional relationship between entropy and enthalpy. Taking into account the factors of entropy of mixing, enthalpy of mixing, and melting temperature, Ω parameter is proposed, as expressed by the following Equ. (9)
[image: image]
where ΔSmix is the entropy of mixing, ΔHmix is the enthalpy of mixing, and Tm is the melting point of the mixture. When Ω > 1, the effect of TΔSmix is larger than that of ΔHmix, which becomes the dominant factor. According to Eq. 4, the free energy difference between the solid and liquid phases decreases and the alternative nuclear energy of the crystal nucleus increases so that it is more favorable to the formation of an amorphous phase. In contrast, if Ω < 1, ΔHmix is the main factor, the difference in free energy between the solid and liquid phases is larger, and the driving force for the formation of the crystal phase is greater, which is not conducive to the formation of an amorphous phase. Synthesizing the role of the atomic size difference δ in the formation of the amorphous phase and drawing a two-dimensional diagram of Ω–δ, as shown in Figure 8, the amorphous phase falls in the range of parameter values Ω < 1, δ ≥ 5%. The Ω parameter can predict whether the amorphous phase can be formed before the formation of the alloy in order to adjust the composition and improve the accuracy and efficiency of the process.
[image: Figure 8]FIGURE 8 | Relationship between the parameters Ω and δ of multicomponent alloys and the amorphous phase region (Yang and Zhang, 2012).
Theory of Three-Dimensional Balanced Growth
The capacity for amorphous alloy formation belongs to the internal factors of the process, just as the cooling rate is the external factor affecting amorphous formation. Currently, of the more mature technologies available for the preparation of amorphous alloys, arc melting–copper mold suction casting is the most commonly used method. As shown in Figure 9, the main problem with this technique is that during the suction casting of the copper mold, the upper and lower temperature gradients are different, resulting in different cooling rates. Crystallization occurs when the melt close to the upper suction gate is cooled, resulting in the amorphous alloy sample not being a completely amorphous structure, and the size and quality of the amorphous sample are therefore limited. Based on this research, how to eliminate the cooling rate gradient has become the key to solving this problem; hence, the method of three-dimensional balanced growth is proposed. The core of this method is the balanced growth of amorphous alloys. The term “balanced growth” comes from the classical economic theory of balanced growth (Nath and Zong, 1963; Xia and Wang, 2005). This is designed to achieve mutual coordination and common growth of various industries and departments through large-scale investment in various sectors of the national economy at the same time. As representatives of the theory of balanced growth, Rosenstein-Rodin and Knox have believed that to promote the balanced development of the national economy, the government must invest economic and policy support according to the needs of the development of various regions, industries, and fields to ensure the development of backward areas, industries, and fields. Taking an opposing view of balanced growth, the economist Herman put forward the counterbalancing theory of “unbalanced growth” and thought that government support would lead to inertia in economic development and hence put forward the concept of an economic “development pole.” Some of the areas with rapid economic development promote the economic development of more backward areas. The policy of regional economic development implemented in China draws lessons from this theory. The current regional economic development, urban agglomeration, and the two Silk Road development belts promote the economic development of the eastern and western regions and the coastal inland areas to achieve the development of the point belt and the line to finally realize the highest ideal of common prosperity. Considering this economic theory, there are similarities and differences to be observed between the amorphous process of copper mold suction casting and the development of the economy. During suction casting, part of the melt’s temperature that first enters the mold is quite different from that of the mold, which can be cooled rapidly in a short time, and the cooling rate is greater than the critical cooling rate. The amorphous state is formed and, with a gradual increase in the melt, the temperature in the mold and the inner environment of the mold increases, which affects the cooling rate of the melt. (From the axial point of view, the size of the amorphous formation is uneven; from the radial point of view, at present, because the diameter of the existing bulk amorphous alloy is small, there is little difference in the cooling rate between the core and the surface.) Such a state of unbalanced growth is similar to the “development pole” of economic theory, with rapid development in some regions and a more prominent economic level. In the regions with slow development, the economy lags. Economic development and the growth of amorphous alloys both hope to finally achieve the goal of balanced growth. This concept is applied to solve the phenomenon of nonequilibrium growth in the preparation of amorphous alloys. As with the investment in primitive and regional fields in economics, there is a cooling rate gradient in the process of suction casting of amorphous alloys, and their formation in different parts of the process is different. By reforming the original copper mold, the part with a slow cooling rate can increase it and realize balanced growth of the amorphous alloy.
[image: Figure 9]FIGURE 9 | Comparison between the three-dimensional balanced growth method and traditional copper mold suction casting.
A schematic diagram of the copper mold is shown in Figure 10. On the basis of the original copper mold, the cylindrical copper mold has a uniform series of holes punched in the side, and the thermocouple is connected symmetrically on both sides. The thermocouple is a common device for measuring and controlling the temperature. The temperature signal can be converted into a voltage and the apparatus does not need an external power supply. Having high sensitivity, it is often used to measure the temperature of gases or liquids in the furnace and the pipe and the surface temperature of the solid. Using a thermocouple, the temperature changes during the suction casting of the copper mold can be monitored in real time, thus reflecting the rate of cooling. The position of the slower cooling rate is judged according to the signal transmitted by the thermocouple, and then the input cooling medium or phase change materials, such as gallium-indium alloy, absorb heat during phase transformation and achieve a cooling effect on the melt in the mold, which increases the cooling rate. The cooling rate gradient is approximately zero (there are cooling rate gradients in both axial and radial directions, as well as the axial cooling rate gradient, shown in Figure11), thus eliminating the cooling rate gradient to achieve the effect of balanced growth.
[image: Figure 10]FIGURE 10 | Schematic diagram of the mold design.
[image: Figure 11]FIGURE 11 | Comparison of the cooling rate gradients of an amorphous alloy growing in a balanced mold and a traditional mold.
The core aim of the three-dimensional balanced growth theory is to eliminate the cooling rate gradient, but it is not limited to this objective. First, the design of alloy composition is based on the design concept of “entropy regulation:” 1) δ > 12%; 2) the enthalpy of mixing ΔHmix should be sufficiently negative; 3) the entropy of mixing ΔSmix should be within a certain range. Theoretically, the three different parameters described above take different values when measured from three different angles. Second, the cooling rate of each point reaches relative equilibrium and increases in the three spatial dimensions. Finally, the amorphous alloy is obtained by 3D printing, ultrasonic manufacturing, thermoplastic processing, and other preparation techniques, which is also balance in three-dimensional space. In general, there are three dimensions in terms of composition design, elimination of cooling rate gradient, and preparation technology.
In the latest research on the size of bulk amorphous alloys, the size of La amorphous alloy was 100 mm (Li et al., 2021); that is, multilayer components have succeeded in being stacked by thermoplastic processing. In this process, a cooling system was added to the thermoplastic equipment, the temperature was added to the supercooled liquid region, and pressure was formed when the alloy melt became viscous. The function of the cooling system is to quickly cool the viscous melt thus formed below the glass transition temperature in order to form an amorphous alloy. Because the size of the component is very small, when the sample is cooled in the cooling system, the cooling rate gradient can be ignored, which can ensure the integrity of the amorphous state of the alloy. An increase in the three-dimensional size of the amorphous alloy can be obtained by this new process.
CONCLUSION AND PROSPECTS
The development of amorphous alloys has gone through three stages, as shown in Figure 12. From 1947 to 1990, amorphous alloys were obtained mainly by rapid cooling technology, and the cooling rate could reach 106 K/s (Klement et al., 1960). The amorphous alloy samples prepared were mainly thin films and ribbons with a thickness of less than 1 mm. The invention of rod-like amorphous alloys was further developed when Chen and others have added precious metals, with a diameter of 1 mm and components of 2 mm, which are called low-entropy traditional metal glasses. This was the first stage in the development of amorphous alloys. Inoue et al. (1990) proposed the law of amorphous formation. By increasing the range of components and improving the composition of the amorphous alloy system, millimeter metallic glass was first prepared, which broke through the long-standing amorphous size limit. Entropy, a thermodynamic parameter, has become an important parameter for the regulation of amorphous systems. During this period, Cantor et al. (2004) have discovered multicomponent alloys, and Yeh et al. (2004) put forward the concept of high-entropy alloys. A high-entropy system can form not only amorphous but also ordered solid solutions, and high-entropy amorphous alloys can be obtained by controlling the proportions of components in the threshold range. The increase in the range of added components promotes the formation of an amorphous state and reduces the cooling rate of amorphous alloys, which in turn promotes the progress of amorphous industrial production, which is the second stage in the development of amorphous alloys. The three-part balanced growth theory described in this article, which regulates the composition of the alloy with the best formation ability from the point of view of entropy and achieves balanced growth by eliminating the cooling rate gradient, is expected to break through the bottleneck that hampers the development of bulk amorphous alloy size and open a new stage in amorphous alloy research.
[image: Figure 12]FIGURE 12 | Development stages in amorphous alloy research.
As an important type of new materials, amorphous alloys have been a subject worthy of in-depth study since their discovery. Although landmark progress has been achieved in the field of amorphous alloy research, many problems remain to be solved. For example, what is the physical nature of amorphous alloys, from what perspective can amorphous alloys be analyzed in order to better understand their properties, and what parameters can be used to evaluate and predict the formation of amorphous alloys more intuitively, uniformly, and objectively? There are still many challenges worth exploring in this field, and future studies should take into account the theory of three-dimensional balanced growth proposed in this review to help widen this horizon.
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