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Abstract:



Using molecular dynamics simulation and a newly developed COMB3 potential, the in-plane ordering and diffusion constant profiles at the homogeneous (100), (110), and (111) interfaces between solid and liquid Al have been examined. We found that the in-plane ordering characterized by 2-D density maps and 2-D structure factors existed in the first 6, 10, and 3 out-of-plane layers at the (100), (110), and (111) interfaces, respectively, showing a strong dependence on substrate orientation. In layers with in-plane ordering, the diffusion constant is greatly reduced relative to its value in the bulk liquid, while the influence of layers without in-plane ordering is negligible. The three diffusivity components turn out to be isotropic at the homogeneous interfaces. The Al-Al interfaces studied here will serve as an important reference in comparisons of the structure and properties of different solid-liquid interfaces, which will greatly support the design of grain refiners.
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1. Introduction


The structure and properties of solid-liquid interfaces are related to a variety of important phenomena, such as nucleation [1,2], crystal growth [3,4] and the structure of amorphous phases [5,6]. Although they have attracted widespread attention for decades, they are still not well understood. Examining solid-liquid interfaces experimentally is extremely difficult, and such studies are rare [7,8,9,10,11]. As a result, our understanding of the solid-liquid interface has mainly come from molecular dynamics simulations.



Numerical and experimental studies [4,12] have shown that the structure of the solid-liquid interface is quite different from that of the bulk solid or bulk liquid. Liquids adjacent to a crystal exhibit two kinds of ordering: out-of-plane layering perpendicular to the interface and in-plane ordering parallel to the interface. The out-of-plane layering is characterized by gradually decayed atomic density oscillations near the solid-liquid interface. It has been found that out-of-plane layering is a universal phenomenon existing in many different interfacial regions [13,14,15,16,17,18]. It even occurs at the interface between a liquid and a structureless wall [19,20,21]. The in-plane ordering describes the arrangement of atoms within each out-of-plane layer in the interfacial region. Compared with the out-of-plane layering, the in-plane ordering appears less frequently and usually decays faster [7,22] with distance far from the interface. The in-plane ordering is believed to be more important in heterogeneous nucleation, but its experimental characterization is also much more difficult [12,23].



Heterogeneous nucleation plays a critical role in grain refinement; however, the mechanism behind it is still in debate [1,24]. To elucidate the effect of different factors that influence heterogeneous nucleation, it is necessary to investigate the ordering in liquid layers adjacent to different kinds of substrates [12]. While simulations of the out-of-plane layering and the in-plane ordering at several heterogeneous interfaces using realistic EAM (embedded atom method) potentials have been reported [15,16,22,25,26,27,28], most studies at homogeneous interfaces employed simple model potentials, such as Lennard-Jones potential [29], inverse-power potential [30], and hard-sphere potential [14]. Although model potentials can help to study the basic trend, they fall short of obtaining quantitative information. This makes it impossible to directly compare homogeneous interface and heterogeneous interface that have the same liquid phase at one side, which impedes the study of the influence of single factor in heterogeneous nucleation. Accompanying the appearance of the out-of-plane layering and the in-plane ordering at the interface, the dynamic property, which is mainly described by the diffusion constant, also changes, as demonstrated by Guerdane et al. [23]. Guerdane et al. found that the in-plane ordering at the interface between Zr crystal and NiZr melt dramatically reduces the mobility of the solute Ni atoms, and therefore impedes the crystallization of the NiZr melt, as it requires Ni atoms at the interface to be transported away. The diffusion constant is also an important input parameter in phase-field modelling, but its value is hard to measure experimentally, so diffusion constants calculated by molecular dynamics simulations are very useful.



Among different kinds of homogeneous interfaces, Al-Al solid-liquid interfaces are of special interest due to the wide application of aluminum products. The homogeneous Al-Al solid-liquid interfaces have been addressed in two recent studies. Men et al. [31] modelled the (100), (110), and (111) interfaces using a realistic EAM potential [32]. They examined the in-plane ordering with time-averaged atomic positions and a local order parameter, showing that in-plane ordering exists in the first 5, 5, and 3 layers for the (100), (110), and (111) interfaces, respectively. Jesson et al. [33] investigated the structure and dynamic property of the (100) interface using ab initio molecular dynamics simulation. A common problem in the two studies is that they did not explicitly monitor stress profiles. As pointed out by Broughton et al. [29], the stress profile is highly sensitive to transient effects, and accurate interface properties can only be obtained when the stress profile reaches zero at positions away from the interface. Our recent study [2] has also shown that the compressive stress imposed on the liquid significantly hinders the formation of an ordered structure at the interface and therefore is the barrier of nucleation. Because the two studies did not monitor the stress profile, whether the interfaces were under equilibrium is unknown. Men et al. [31] might have also underestimated the in-plane ordering, because the periodicity of atom arrangements may be buried in time-averaged atomic positions. Jesson et al. [33] argued that atoms diffuse faster along directions parallel to the interface than they do along the direction perpendicular to the interface in the first liquid layers. However, considering the small difference between the diffusivity components, it is not a convincing argument, since they did not provide error bars for their calculated values.



The in-plane ordering and dynamic property at three homogeneous Al-Al solid-liquid interfaces—(100), (110), and (111)—are studied in this work. It is an extension of our previous work [34], in which we investigated the out-of-plane layering and mechanical property of these interfaces. In the previous work, simulation parameters were chosen carefully to make sure that the monitored stress profiles are zero in bulk solid and bulk liquid. This guarantees all structure, and properties are indeed derived from equilibrium interfaces. In this paper, by further utilizing the equilibrium interfaces obtained in our previous simulation and by performing more detailed analysis, the 2-D density maps and structure factors for selected layers are presented to give information about the in-plane ordering, along with diffusion constant profiles to characterize dynamic property. In addition, the COMB3 potential developed by Choudhary et al. [35] was employed in our simulation. The COMB3 potentials [36] cover a wide range of elements, such as Cu, Ti, Zn, and Zr, et al., which means they can not only model Al-Al interfaces but also interfaces between liquid Al and other substrates. The aim of this paper is to enrich our understanding of the structure and properties of Al-Al interfaces and to provide an important reference for future studies about heterogeneous interfaces, which are also modelled by COMB3 potentials. By comparing different solid-liquid interfaces, we can see how substrates influence the adjacent Al melt, which will shed light on the design of grain refiners [12].




2. Materials and Methods


The current work is an extension of our previous study, in which the out-of-plane layering and mechanical properties of the homogeneous (100), (110), and (111) interfaces between Al crystal and its melt were examined [34]. The detailed information about creating solid-liquid coexistence systems with the three interface orientations can be found in reference [34]. Here, we only give a brief description about it.



The LAMMPS software (version20161117, SNL, Albuquerque, NM, USA) [37] developed by Sandia National Laboratories was utilized to perform the simulation. It is open-source software and has been widely used for molecular dynamics simulations in different disciplines. It can be downloaded from its website [38]. The solid-liquid coexistence systems were modelled by a recently developed COMB3 potential [39]. Compared with traditional EAM potentials, which can only model metallic bonds, COMB3 potentials can model different types of bonds in a simulation box and cover a variety of elements [36]. This greatly expands the kinds of interfaces that can be addressed and meets our needs.



The method to construct solid-liquid coexistence systems with different orientations is the same. The process of creating the coexistence system with the (100) interface is taken as an example here. The simulation began with the preparation of the solid sample and liquid sample with the same cross-sectional areas in NPZAT runs, respectively. The [100] direction of the solid crystal was oriented along the z direction. Then, the liquid sample was duplicated, and two identical liquid samples were placed on two sides of the solid sample in the z direction to construct a solid-liquid coexistence system, in which two identical solid-liquid interfaces with the (100) orientation were formed.



Each of the coexistence systems contains about 20,000 atoms, approximately two fifths of which are solid atoms located in the middle of the simulation box, and the rest are liquid atoms located at two sides. The sizes of the simulation boxes are about 4.1 × 10−9 m, 4.1 × 10−9 m, and 2.1 × 10−8 m in the x, y, and z direction, respectively. In the previous study [34], after obtaining the melting points (about 1137 K) reproduced by the COMB3 potential, the solid-liquid coexistence systems were used to calculate the density profiles, stress profiles, and potential energy profiles in NVT runs at the calculated melting points using Nosé–Hoover thermostats. One of the main findings in the previous study is that pronounced out-of-plane layers form in the liquid near the crystal. This can be reflected by the distributions of atoms along the z direction in a coexistence system. Figure 1 shows the distributions of atoms along the z direction for the interfaces, which are similar to the density profiles obtained in the previous study. However, the density profiles were calculated from seven coexistence systems for each interface in the previous study, here the profiles in Figure 1 were only calculated from one of the seven coexistence systems for each interface. The red dash line in Figure 1 denotes the Gibbs dividing surface. The red dot lines denote troughs in the oscillations, which can be regarded as boundaries of adjacent layers. The interfacial region is defined to start from the layer having a higher trough than that in the crystal. Layers are numbered in sequence, as shown in Figure 1.


Figure 1. Distributions of atoms along the z direction at the (100), (110), and (111) interfaces.
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Based on the result presented above, the in-plane ordering and diffusion constants at the three interfaces are examined in the current study. To calculate the in-plane ordering, each of the layers shown in Figure 1 is divided into small 2-D bins in the xy plane. The sizes of the 2-D bins in the x and y direction are 2.5 × 10−11 m. Thus, every layer contains about 160 bins in both x and y direction. The number of atoms in each bin is counted every 10−12 s for 200 times to get the 2-D density map [image: ]. The angled brackets mean that the 2-D density map is an average of the 200 configurations sampled. These configurations have been recorded in the previous study and thus can be reused directly.



Although the 2-D density map provides a direct observation of atom arrangement, it falls short of revealing weak in-plane ordering in layers far from the crystal. To better show the short-range order at the interface, the 2-D density map is then utilized to calculate the 2-D structure factor, which is defined as


[image: ]



(1)




in which [image: ] is the Fourier transform of the 2-D density map [image: ] calculated from one configuration. As 200 configurations were sampled, the angled brackets mean that the 2-D structure factor is averaged over the 200 recorded configurations.



The diffusion constant in a layer is determined from the Einstein equation:


[image: ]



(2)




in which [image: ] is the average mean-square displacement (MSD) per atom for atoms locating in the layer centered at z at time [image: ]. The MSD will be linearly dependent on simulation time when it reaches into diffusive regime, and the diffusion constant can be extracted from its changing rate with time. To improve the statistics, the MSD in each layer is calculated from 10 independent time origins separated by 2.0 × 10−12 s, and each time the NVT simulation run lasts for 1.0 × 10−11 s, which is long enough to ensure the MSD reaches the diffusive zone. In addition to calculate diffusion constants in the interfacial layers, diffusion constants in the adjacent crystal layers and liquid layers are also evaluated for comparison.



It should be pointed out that the configurations used here for calculation of 2-D density maps and structure factors have been recorded in our previous study [34], in which they have been utilized to calculate the stress profiles. The previous study has shown that these stress profiles reach zero away from the interfaces, demonstrating that the interfaces are under complete equilibrium. Therefore, 2-D density maps and structure factors obtained in the current study are also derived from equilibrium interfaces. For calculation of diffusion constants, a total of 10,000 consecutive steps are needed, while configurations were only recorded every 1000 steps in the previous study. Because the simulation time (1.0 × 10−11 s) for calculation of diffusion constants is quite short, even if the interface deviates from equilibrium status, the deviation is negligible and would not significantly affect the calculated diffusion constants. So the diffusion constants are also derived from equilibrium interfaces.




3. Results


3.1. In-Plane Ordering


Figure 2, Figure 3 and Figure 4 give the results of 2-D density maps and 2-D structure factors for selected layers at the three interfaces.


Figure 2. In-plane ordering in the (100) interfacial layers. Left panel (a,c,e,g): 2-D density maps. The red numbers correspond to those defined in Figure 1. Right panel (b,d,f,h): 2-D structure factors for the corresponding layers.
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Figure 3. In-plane ordering in the (110) interfacial layers. Left panel (a,c,e,g,i): 2-D density maps. The red numbers correspond to those defined in Figure 1. Right panel (b,d,f,h,j): 2-D structure factors for the corresponding layers.
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Figure 4. In-plane ordering in the (111) interfacial layers. Left panel (a,c,e): 2-D density maps. The red numbers correspond to those defined in Figure 1. Right panel (b,d,f): 2-D structure factors for the corresponding layers.
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Seen from Figure 2, it is clear that layer 1 preserves the crystalline structure very well, with both the density map and the structure factor plot showing regular pattern. Layer 1 has a higher minimum density at the left foot than layers in the crystal, which means some atoms can hop between layer 1 and layer 2. The well preserved crystalline structure in layer 1 shows that the influence of the hoping of atoms is negligible in this layer. The degree of ordering decreases gradually from layer 1 to layer 3, with some regular spots far from the center of the structure factor map fading slowly, but no other features can be seen in the structure factor maps. Therefore, the corresponding figures are not shown in Figure 2 for clarity. Obvious diffuse rings begin to appear in layer 4, as shown in Figure 2d, indicating that some pronounced disordered local areas can be found in this layer, which corresponds to the blurred areas in Figure 2c. Several regularly distributed spots still exist in Figure 2f, but it has been dominated by diffuse rings representing the liquid structure, indicating that layer 6 is quite liquid-like. When it goes to layer 7, all spots disappear, showing that no in-plane ordering can be found in this layer. Therefore, the in-plane ordering only exists in the first 6 layers at the (100) interface.



The change of the in-plane ordering at the (110) interface is different from that at the (100) interface. The crystalline structure persists very well, even in layer 3 at the (110) interface, while spots far from the center of the structure factor plot of layer 3 at the (100) interface have already faded away. In addition, obvious diffusion rings do not appear until layer 6 at the (110) interface. At the (110) interface, another phenomenon worth noticing is the periodicity along the x direction (the [-110] direction). It lasts much longer. Figure 3e clearly shows this phenomenon. Although it is already in layer 9, periodicity along the x direction is still very obvious. Two weak spots corresponding to this periodicity can also be seen in Figure 3h. We first suspected that this phenomenon might be due to mistakes in our simulation, but we soon found that similar feature can be seen in the paper published by Qi et al. [16] (Figure 7i in the reference) and in another one published by Men et al. [31] (Figure 4d,e in the reference), so we believe that it is an intrinsic feature at the face-centered cubic (FCC) (110) solid-liquid interface. Figure 3j only exhibits diffusion rings, indicating that the ordering along the x direction has disappeared in layer 11. So, the in-plane ordering lasts for 10 layers at the (110) interface.



Contrary to the (110) interface where the in-plane ordering exists in 10 out-of-plane layers, in-plane ordering at the (111) interface only appears in the first 3 layers. As shown in Figure 4, layer 1 at the (111) interface has already begun to show slight disordering, and the in-plane ordering totally disappears in layer 4.




3.2. Diffusion Constant Profiles


The dynamic property of the interface is characterized by total diffusion constant profiles and profiles for the three components of the diffusion constant, which are shown in Figure 5. Total diffusion constants and the three components all increase monotonically from the bulk solid to the bulk liquid. In addition, total diffusion constants finally converge to the same value regardless of interface orientation, while the three diffusivity components finally converge to the same value regardless of interface orientation and Cartesian direction. This is a sign that the parameters we used to calculate diffusion constants are appropriate. Moreover, the total diffusion constant appears to be significantly influenced by the in-plane ordering. The last out-of-plane layers having in-plane ordering are labelled with their numbers in Figure 5. One sees that once the in-plane ordering disappears, the total diffusion constant is already equal to that in the bulk liquid at the (100) and (110) interfaces, indicating that the remaining out-of-plane layers are too weak to reduce the motion of atoms in any directions at these two interfaces. At the (111) interface, one more layer is needed for the total diffusion constant to increase to its value in the bulk liquid, which is mainly due to the pronounced layer 4.


Figure 5. The diffusion constant profiles at the (100), (110), and (111) interfaces. Left panel (a,c,e): total diffusion constant profiles. Right panel (b,d,f): profiles for the three components of the diffusion constant. Distribution of atoms (dash lines) are attached to show the positions of the layers. Error bars represent standard deviations.
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The three components of the diffusion constant, [image: ], [image: ] and [image: ], have often been compared in published papers [15,16,22,33], and all of these studies argue that the they are anisotropic, with [image: ] and [image: ]. However, our calculation shows that such a conclusion does not stand up at the homogeneous Al-Al solid-liquid interfaces. As shown in Figure 5, although the average values support this argument, the computational error is relatively too large to distinguish such a small difference. Therefore, we conclude that the three components of the diffusion constant are isotropic at the Al-Al interfaces.





4. Discussion


Our calculation clearly shows that in-plane ordering exists in the first 6, 10, and 3 out-of-plane layers for the (100), (110), and (111) interfaces, respectively. It means that the (111) interface is the smoothest interface, while the (110) interface is the roughest one, which agrees with the finding of Men et al. [31] who also studied the three interfaces with an EAM potential. However, more layers are found to have in-plane ordering in this study. Men et al. used in-plane order parameters to define interfacial layers; by utilizing the density profiles given by them, we can relabel the layers in reference [31]. One can see that for the (100) and (111) interface, layers were labelled with the same numbers as this study did, while for the (110) interface, the first layer in reference [31] corresponds to the layer 3 in this work. According to reference [31], the in-plane ordering exists in the first 5, 7, and 3 layers at the (100), (110), and (111) interface, respectively. Jesson et al. [33] also observed 6 layers (obtained from the density profile and in-plane structure factors in the reference) with in-plane ordering at the (100) interface using ab initio molecular dynamics simulation, which is accordance with our result for the (100) interface. Davidchack et al. [14] have demonstrated that disordered and ordered regions within the interfacial layers are highly mobile. Therefore, the shorter the simulation time lasts, the more layers with in-plane ordering should be observed. Men et al. monitored the in-plane ordering for much shorter time (1.0 × 10−11 s) than we did (2.0 × 10−10 s ), but they observed fewer layers with in-plane ordering. The reason for their underestimation is highly due to the method they used for characterization of the in-plane ordering. The time-averaged atomic positions they used are basically 2-D density maps used in the work. Although 2-D density maps provide vivid description of atomic arrangements at the interface, it falls short of revealing the weak short-range order in layers closer to the liquid.



Since it is impossible to characterize homogeneous Al-Al solid-liquid interfaces experimentally, they are compared with α-Al2O3/Al interfaces that have been investigated through experiments. Lee et al. [8] studied two α-Al2O3/Al interfaces, (0001) and (-110-2), using high resolution transmission electron microscopy (HRTEM). They found that the first few liquid layers at the (-110-2) interface exhibit in-plane ordering that is similar to the structure of Al2O; however, liquid layers at the (0001) interface show no in-plane ordering. Kaplan et al. [7] also studied the α-Al2O3(0001)/Al interface, showing that the first three liquid layers have some degree of in-plane ordering, but they did not provide any detail information about it. All of the experimental results are quite different from the results obtained in this study, indicating that the structure of liquid Al at the interface is greatly influenced by substrates. So, interfaces between liquid Al and other substrates, and the influence of different solute atoms, should be studied in the future. Besides, the periodicity along the [-110] direction persists in layers far from the Al (110) interface. The reason behind it should also be further studied.



The diffusion constant at the (100) interface has been examined by Jesson et al. [33]. Their calculation shows that the diffusivity components in the bulk liquid are about 3.50 × 10−9 m2⋅s−1, much larger than our results, which are about 1.12 × 10−9 m2⋅s−1. Jesson et al. [33] also argued that the diffusivity components are anisotropic, with [image: ]. However, it is not a convincing argument. Seen from the diffusion constant profiles provided by them, the difference between [image: ] and [image: ] is very small, and big fluctuations exist. In addition, they did not show error bars. Our calculations show that the [image: ], [image: ] and [image: ] are isotropic within the error range. To our knowledge, the anisotropy of diffusivity components has only been demonstrated in one paper [22] so far, which is about heterogeneous Al-Pb solid-liquid interfaces. The relative sizes of the diffusivity components might be an important factor influencing crystal growth. With [image: ] and [image: ] greater than [image: ], atoms jumping into an interfacial layer from the liquid will be more likely to stay in that layer because motions parallel to the interface are easier. This helps to increase the in-plane ordering in the layer, which will promote the growth of the crystal. On the contrary, if [image: ] is about the same magnitude as [image: ] and [image: ], atoms hop more frequently between layers. Therefore, complete crystalline layers are more difficult to form and the crystal growth is reduced. To see whether this is a reasonable hypothesis, more studies about diffusion constants at interfaces between liquid Al and other substrates are needed.




5. Conclusions


In this study, the homogeneous (100), (110), and (111) interfaces between solid and liquid Al have been examined as an extension of our previous work. The in-plane ordering was investigated by calculating 2-D density maps and 2-D structure factors. This study shows that the in-plane ordering exists in the first 6, 10, and 3 out-of-plane layers for the (100), (110), and (111) interfaces, respectively, showing a strong dependence on substrate orientation. The diffusion constant was found to be greatly influenced by the in-plane ordering at the homogeneous interfaces. Once the in-plane ordering disappears, the remaining out-of-plane layers show little influence on motions of atoms due to their weak magnitudes. Within computational error, no anisotropy was found among the three components of the diffusion constant, which is different from that reported at heterogeneous Al-Pb solid-liquid interfaces. Using the more versatile COMB3 potentials, interfaces between liquid Al and many other substrates can be modelled. The information about the homogeneous Al-Al interfaces will serve as an important reference and be compared with those of other interfaces. The comparisons will help to reveal the influence of different factors on the adjacent liquid, which is hopefully to provide theoretical guidance for the design of grain refiners.
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