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Abstract

:

Heterogeneous nucleation is a widespread phenomenon in both nature and technology. However, our current understanding is largely confined to the classical nucleation theory (CNT) postulated over a century ago, in which heterogeneous nucleation occurs stochastically to form a spherical cap facilitated by a substrate. In this paper, we show that heterogeneous nucleation in systems with negative lattice misfit completes deterministically within three atomic layers by structural templating to form a two-dimentional template from which the new phase can grow. Using molecular dynamics (MD) simulations of a generic system containing metallic liquid (Al) and a substrate of variable lattice misfit (fcc lattice with fixed Al atoms), we found that heterogeneous nucleation proceeds layer-by-layer: the first layer accommodates misfit through a partial edge dislocation network; the second layer twists an angle through a partial screw dislocation network to reduce lattice distortion; and the third layer creates a crystal plane of the solid (the 2D nucleus) that templates further growth. The twist angle of the solid relative to the substrate as a signature of heterogeneous nucleation in the systems with negative lattice misfit has been validated by high resolution transmission electron microscopic (HRTEM) examination of TiB2/Al and TiB2/α-Al15(Fe, Mn)3Si2 interfaces in two different Al-alloys.
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1. Introduction


Nucleation of crystals in liquids is one of the most ubiquitous phenomena in both natural and industrial processes [1,2]. Understanding nucleation is of vital importance to both science and technology, such as ice nucleation for climate change [3,4], solidification and casting of advanced metallic materials [5], manipulation of nucleation of molecular crystals in the context of drug design and production [6] and protein crystal formation in living beings [7]. However, our current understanding of nucleation is far from complete; and nucleation research has been dominated by the classical nucleation theory (CNT) for more than a century. Theoretically, there is a massive gap of 1010·m−3s−1 in the homogeneous ice nucleation rate between CNT-based computer simulations and experimental measurements that has triggered an intense debate between theoreticians and experimentalists [4]. Practically, the CNT provides little guidance to nucleation control in important industrial processes. For example, although the TiB2 based grain refiner has been used in metallurgical industry for over 70 years [8], it was mainly developed by trial-and-error with little help from the CNT.



The CNT was postulated over a century ago. Based on Gibb’s ideas of nucleation [9], the first complete theory of homogeneous nucleation was formulated by Volmer and Weber [10], which was improved by Becker and Döring [11], completed by Zeldovich [12] and extended later to heterogeneous nucleation (see reviews in references [1,2,13]). In the classical homogeneous nucleation theory, a nucleus is formed through structural fluctuation and the solid/liquid interface is created as a by-product [1]. The CNT applies continuum thermodynamics to determine the critical nucleus size and the energy barrier for its formation and utilizes statistical mechanics to formulate the nucleation rate that describes the nucleation kinetics [10,11,12]. In the case of heterogeneous nucleation, a substrate facilitates nucleation by reducing the energy barrier. Core to the CNT is its capillarity assumption (thermodynamics) and its fluctuation mechanism for nucleus creation (kinetics). Such assumptions encompass most of the strength and weaknesses of the theory [4]. CNT is conceptually simple, mathematically rigorous, and widely applicable to qualitatively describe many phase transformations and has dominated our thinking for more than a century. However, it does not always relate well to reality, and so far, it has very rarely (if at all) demonstrated homogeneous nucleation by experiments [1].



In recent years, there has been a renaissance of nucleation research [4,14,15], which was initiated from ice nucleation for climate change [3,4] and facilitated by the significant advances in analytical instruments (such as electron microscopy [16], synchrotron imaging [17]) and increased capability for computer simulations [18]. Major advances include, for example, adsorption at the liquid/substrate interface [13], the discovery of stable prenucleation clusters (PNCs) in aqueous solutions [19], the two-step nucleation pathway [20], barrier-less nucleation of 1D crystals [21] and observation of nucleation in 4D [17].



Study of atomic ordering in the liquid adjacent to a liquid/substrate interface has been a hot topic in recent years [22]. Real-time observations with high resolution transmission electron microscopy (HRTEM) showed that liquid aluminum has distinct layering with six atomic peaks [23] and in-plane atomic ordering within the first three atomic layers adjacent to the (0001) α-Al2O3 substrate [24]. Computer simulations also revealed that the pronounced atomic ordering persists in the liquid at the liquid/substrate interface even at temperatures above the liquidus [25,26,27]. More recently, our MD simulations have confirmed the existence of a 2D ordered structure at the liquid/substrate interface, which is referred to as prenucleation [28]. It was reported that a “prefreezing” layer of crystalline Pb, approximately 2–3 atomic layers in thickness, formed at the interface between liquid Pb and (111) Cu substrate at 625 K [29]. Further atomistic simulations have found that prenucleation is strongly dependent on temperature [28,30], lattice misfit between the substrate and the solid derived from the liquid upon solidification [28], chemical interaction between the substrate and the liquid [30] and atomic level surface roughness of the substrate [31]. In addition, recent in situ observations with synchrotron X-ray scattering techniques have confirmed that the nucleation potency of a crystalline substrate is highly dependent on the lattice misfit [32].



Prenucleation may either facilitate or impede heterogeneous nucleation depending on the compatibility between the 2D structure created by prenucleation and the new solid phase. For instance, the formation of a (112) Al3Ti 2D compound (2DC) on the (0001) TiB2 surface makes TiB2 particles extremely potent for heterogeneous nucleation of α-Al [16]; while the pentagonal Au layer on the (111) Si substrate has a quasicrystal structure that acts as a main barrier for heterogeneous nucleation in AuSi eutectic droplets [33]. Using ab initio MD simulations, Wang et al. [34] observed that an fcc-like atomic ordering exists within three atomic layers in liquid Al at the interface with Ti-terminated (0001) TiB2 substrate at a small undercooling of around 2 K, and that further growth of the α-Al is frustrated by the lattice misfit between solid Al and TiB2 substrate.



Recently, we have investigated the atomistic mechanisms of heterogeneous nucleation in metallic liquid/substrate systems with positive lattice misfit (i.e., the solid has larger atomic spacing than the substrate) using MD simulations [35]. We found that building on the 2D ordered structure (the precursor) created by prenucleation, heterogeneous nucleation proceeds layer-by-layer and completes within three atomic layers to create a crystal plane of the solid phase, which act as a 2D nucleus to template further growth. During the nucleation process, the first layer is epitaxial to the substrate surface and is mainly formed at the prenucleation stage; the second layer accommodates all the lattice misfit by formation of vacancies; and the third layer becomes a plane of the solid (the 2D nucleus) that completes nucleation and starts to template further growth. This has been named as a three-layer nucleation mechanism [35].



In this paper, we studied the heterogeneous nucleation process in generic metallic liquid/substrate systems with negative lattice misfit (i.e., the solid has smaller atomic spacing than the substrate) using classical molecular dynamics (MD) simulations. Based on the simulation results we have established an atomistic mechanism for heterogeneous nucleation in systems with negative misfit, and the key features of the proposed mechanism will be validated by experiments.




2. Simulation and Experimental Methods


2.1. Simulation Approaches


A generic metallic simulation system was created to simulate heterogeneous nucleation process to ensure wider applicability beyond specific systems. It is now well accepted that heterogeneous nucleation is affected by lattice misfit between the solid and the substrate (structural effect) [28], chemical interaction between the liquid and substrate (chemical effect) [30], and the atomic level surface roughness of the substrate (surface effect) [31]. In any real system, more than one of these factors are in operation, preventing conclusive understanding from MD simulations. To study the effect of lattice misfit without any interference from chemical and surface factors, we have designed a generic metallic system: the liquid Al/pinned solid Al substrate system, in which liquid Al represents the liquid, while the pinned Al substrate represents the substrate. This generic system has the following advantages over the specific systems:




	
Allowing systematic investigation of systems with varying lattice misfit, i.e., many different substrates.



	
Elimination of the influence of both availability and reliability of potentials used for simulations [30,31].



	
Elimination of the effects of chemistry and surface condition of the substrate.



	
Pinned substrate represents a variety of high temperature substrates, such as oxides, nitrides and borides practice (e.g., TiB2 with Tl = 3498 K [36]).








Therefore, our simulation results from this generic simulation system are scientifically more rigorous and practically more representative of heterogeneous nucleation, compared with results obtained from specific systems.



This nucleation system consists of a generic liquid and a generic fcc substrate with a <111> surface orientation, being parallel to the z axis. We chose aluminum as the generic liquid because: (1) it is representative of many metals in terms of liquid structures [37]; and (2) the potential of Al has been widely tested [28,38,39]. The generic fcc substrate lattice is built using pinned aluminum atoms with a specified lattice parameter to pre-set the lattice misfit [28]. For simplicity, hereafter, we use the generic terms ‘the liquid’ and ‘the substrate’ in this paper.



The initial dimensions were 48   [  11  2 ¯   ]    × 30   [   1 ¯  10  ]    × 15   [  111  ]    for the liquid and 48   [  11  2 ¯   ]    × 30   [   1 ¯  10  ]    × 6   [  111  ]    for the substrate, with the total number of atoms in the system being 5040. Periodic boundary conditions were imposed in the x(   [  11  2 ¯   ]   )- and y(   [   1 ¯  10  ]   )-directions. A vacuum region was inserted with periodic boundary conditions in the z-direction, and the extent of the vacuum region was 60 Å. The initial configuration of the fcc materials has a lattice parameter a = 4.126 Å, which corresponds to the value for aluminum obtained at its calculated melting point. The substrate was assigned a varied lattice misfit with the solid aluminum. The lattice misfit, f, between the substrate and solid Al is defined as


f = (dS − dN)/dS × 100%



(1)




where dS and dN are the atomic spacing of the solid metal and the substrate, respectively. In this paper we confine ourselves to the systems with negative lattice misfit (−8% ≤ f ≤ 0%), with the systems with positive misfit being studied elsewhere [35].



The EAM (embedded atom method) potential for aluminum, developed by Zope and Mishin to model interatomic interactions [38], was used in this work. The predicted melting temperature for pure Al is 870 ± 4 K with this potential [38]. During the simulation, the Al atoms above the substrate were allowed to move freely under the effect of the interatomic potential. The substrate atoms were excluded from the equations of motion, but the forces they exert on the adjacent atoms were included. All the MD simulations were performed using the DL_POLY_4.08 MD package [40]. The equations of motion were integrated by means of the Verlet algorithm with a time step of 0.001 ps and the Berendsen NVT ensemble was used for the temperature control. The liquid was prepared by heating the system to a temperature of 1400 K with steps of 50 K, each lasting 100,000 MD steps. The total energy of the simulation system was used to monitor whether the system is equilibrated, and we found that 100,000 MD steps (1 ns) are adequate to ensure equilibrium in all the systems concerned in this paper.



The nucleation temperature, Tn, for each specified nucleation system was determined using the variable step search method. The equilibrated configuration of the liquid at 1400 K was cooled to a desired temperature with a step of 50 K and at each temperature step the system was allowed to run for 1,000,000 MD time steps, which has been checked to be sufficient to reach equilibrium in the current studies. The initial nucleation temperature, T1, was determined by monitoring variation in total energy and trajectory of the system during the equilibration. This means that exact nucleation occurred in the temperature interval between T1 and T1 + 50 K. A more accurate nucleation temperature, T2, was determined by a finer search in this reduced temperature interval with a temperature step of 5 K. Finally, the nucleation temperature, Tn, was determined by an even finer search between T2 and T2 + 5 K with a temperature step of 1 K. This approach allows the nucleation temperature to be determined within an error of ±1 K.



The atomic ordering in the liquid adjacent to the liquid/substrate interface was quantified using the atomic density profile for ordering along the z direction and in-plane order parameter for ordering in the x-y plane. Atomic density profile, ρ(z), is defined as [41]


  ρ  ( z )  =    〈   N z   〉     L x   L y   Δ z     



(2)




where Nz is the number of atoms between z − Δz/2 and z + Δz/2 at time t, Δz is the width of the bin, a 10th of the layer spacing in this study. The angled brackets indicate a time-averaged quantity, and Lx and Ly are the x and y dimensions of the cell.



The in-plane order parameter, S(z), is defined as [42]


  S  ( z )  =      |    ∑   j ∈ Δ z   e x p  (  i K ·  r j   )   |   2     N z 2     



(3)




where the summation is over all atoms labelled j within a given bin of width, Δz, of one layer spacing and K is a reciprocal lattice vector and rj is the position vector of the jth atom in the Cartesian space. We chose   K =  π a   [  2  2  , 2  6  ,  3   ]    such that exp(iK·rj) = 1 for any rj in a perfect fcc lattice with a [111] surface orientation. When all the atoms are at their perfect fcc (111) sites, the S(z) will be 1 and the order parameter reduces the further they are away from their ideal positions.



The atomic arrangement in the liquid adjacent to the interface during the simulation is characterized by the time-averaged atomic positions [43] and local bond-order analysis [44]. The time-averaged atomic positions in the individual layers of the liquid within 10 ps were taken from the trajectory of the simulation. With this approach, the solid atoms can be distinguished from the liquid atoms, where the solid atoms usually vibrate at their equilibrium positions and the liquid atoms can move more than one atomic spacing [43]. The local bond-order analysis is another approach widely used in atomistic simulations to distinguish the solid atoms from the liquid atoms in the bulk liquid [45]. To perform the local bond-order analysis, the local bond-order parameters, ql(i), were calculated as [43]


   q l   ( i )  =    (    4 π   2 l + 1     ∑   m = − l  l     |   q  l m    ( i )   |   2   )     1 2     



(4)




where the (2l + 1) dimensional complex vector qlm(i) is the sum of spherical harmonics, Ylm(rij), over all the nearest neighboring atoms of the atom i. Two neighboring atoms i and j can be recognized to be connected if the correlation function, q6(i)·q6(j), of the vector q6 of neighboring atoms i and j exceeds a certain threshold, 0.1 in this study. To distinguish the solid atoms from the liquid atoms, a threshold on the number of connections that an atom has with its neighbors is set to 6.




2.2. Experimental Methods


To facilitate direct examinations of samples using advanced electron microscopy a pressurized melt filtration technique [46] was used to collect TiB2 particles introduced into the alloy melts (Al-8Si and Al-5Mg-3Si-0.6Mn-0.6Fe alloys) through the addition of stoichiometric Al-2.2Ti-1B grain refiner. During the pressurized melt filtration process, argon was introduced to force the melt to flow through a porous filter attached to the bottom of the crucible. The TiB2 particles were collected above the filter together with the residual melt. The solidified material immediately above the filter, which contained the locally concentrated TiB2 particles, was used to prepare samples for TEM examination. A more detailed description of the melt filtration technique can be found elsewhere [46].



Thin foil specimens for transmission electron microscopy (TEM) were prepared from 3 mm diameter discs sliced from the filtered residue material. The discs were ground to a thickness of less than 60 µm before further thinning by Ar ion beam milling using a Gatan precision ion polishing system (PIPS, Gatan Inc., Leicester, UK) under a voltage of 1.0–5.0 kV and an incident beam angle of 3–5°. High resolution TEM analysis was conducted on a JEOL 2100 F microscope (JEOL Ltd., Tokyo, Japan) operated with an accelerating voltage of 200 kV. The twist angle was determined by the double tilting experiments.





3. Results


3.1. Heterogeneous Nucleation Process


For a system with a lattice misfit f = −8%, the nucleation temperature (Tn) was found to be 760 K, and the total energy (Et) as a function of elapsed time, t, is plotted in Figure 1. Et is constant until the onset of nucleation (t1), from which the total energy decreases sharply between t1 and t3 and remains constant after t3 (t3 marks the end of solidification). The system is in the stage of the prenucleation before t = 0 ps (t1). As shown later, t = t2 = 50 ps marks the finish of nucleation. Figure 1 demonstrates that heterogeneous nucleation at Tn is a spontaneous process without any energy barrier. This is in clear contrast to the CNT, in which heterogeneous nucleation only occurs when an energy barrier is overcome by structural fluctuation in the disordered liquid at the interface. Figure 2 shows the time-averaged atomic positions at the interface during the simulation for the system with f = −8% at Tn = 760 K, showing the evolution of atomic arrangement at the stage of prenucleation. The first layer (L1) has a nearly fully ordered structure that contains stacking faults (marked as ‘C’) surrounded by partial edge dislocations; and the second layer (L2) and the third layer (L3) have gradually reduced ordered regions. Detailed analysis revealed that: (1) there exists a 2D ordered structure within the first three atomic layers at the interface; (2) the degree of ordering in this 2D ordered structure is a function of temperature; and (3) the 2D ordered structure is dynamic. This means that, at a given temperature, the position and size of an ordered region may change with time but the total degree of ordering will remain constant.



Figure 3a presents a snapshot of the system with f = −8% at t = 0 ps and T = Tn = 760 K, showing a layered structure in the liquid adjacent to the interface. The quantified atomic density profiles, ρ(z), and in-plane order parameter, S(z), are plotted in Figure 3b,c as a function of distance, z, from the interface. There are six atomic layers at the interface, but only the first two show notable in-plane atomic ordering. The detailed atomic arrangements are shown in Figure 3d–g for the first four layers (L1–L4). L1 has a largely ordered structure except for some small disordered regions, L2 and L3 have a mixed structure with ordered and disordered regions, and L4 is largely disordered. The ordered structure in L1 has different domains, with either a B or C stacking sequence if the surface layer of the substrate is assigned to be A in the ABCA stacking sequence for fcc structures. The ordered regions with C stacking sequence are stacking faults bounded by Shockley partial dislocations (solid lines in Figure 3d), which are formed at the prenucleation stage (see [28]). There is a 2D ordered structure in the liquid adjacent to the interface immediately before nucleation (at t1), which is induced by the substrate surface and stabilized by a reduction of interfacial energy. This stable 2D ordered structure at Tn represents the maximum degree of ordering achievable by prenucleation and will act as a precursor for heterogeneous nucleation. This is similar to the prenucleation clusters (PNCs) discovered recently in aqueous solution [19].



The evolution of atomic ordering at the interface during heterogeneous nucleation is shown in Figure 4a–d for the system with f = −8% at Tn = 760 K, where only the solid atoms are displayed after the local bond-order analysis. At t = 0 ps, L1 consists of largely solid atoms, with regularly distributed stacking faults bounded by partial edge dislocations (Figure 4a). As time elapses, whilst the solid regions in L1 increases slightly, some of the ordered regions in L2 start to merge and the solid region in L3 starts to expand (Figure 4b,c). Shockley partial dislocations can be identified between the neighboring solid regions with different stacking sequences in L2. At t = 50 ps, all the first three layers consist of solid atoms. L3 has an atomic arrangement that is identical to the fcc (111) plane of the bulk solid Al (Figure 4d).



Figure 4 also demonstrates structural templating as a mechanism for achieving atomic ordering during heterogeneous nucleation. The ordered regions in one atomic layer provides low energy positions where potential solid atoms in the next layer can be located. In Figure 4a–d, all the solid atoms in a given atomic layer are located just above the central position between three solid atoms in the underneath layer. There are no solid atoms that locate on top of liquid atoms. We refer to this process as ‘structural templating’.



Figure 5a shows the fraction of solid atoms, fs, in L1–L9 as a function of time for the system with f = −8% at 760 K. Before t = 0 ps, fs remains nearly constant for each layer, 0.75 for L1, 0.4 for L2, 0.1 for L3, and 0 for the liquid further away from the interface. After t = 0 ps, fs in L1 increases slightly from 0.75 at t = 0 ps to 0.85 at t = 50 ps and beyond. At the same time, the fs values for L2 and L3 gradually increase to nearly 1 at t = 50 ps. The values of fs for the subsequent layers increase rapidly from 0 to nearly 1 after the formation of the first three layers of the solid.



The densification process during the simulation was also quantified using the average spacing (da) of the solid atoms in the ordered regions in each layer, and Figure 5b shows da as a function of distance and time for the system with f = −8% at Tn = 760 K. The atomic spacings in L1 and L2 decrease gradually with time during the simulation, indicative of a densification process in the first two layers at the interface. In general, the spacing of solid atoms decreases with increasing distance from the interface and becomes constant from L3 onwards. This suggests that the lattice misfit is accommodated entirely by L1 and L2, with L3 being identical to the corresponding plane of the bulk solid.



The outcome of heterogeneous nucleation is a crystalline plane of the solid (L3 in Figure 4d), which provides a template for the epitaxial growth of the solid from the liquid. Figure 6a is a snapshot of the system with f = −8% at t = 50 ps and Tn = 760 K, showing nine atomic layers at the interface, compared to 6 layers at t = 0 ps (Figure 3a). Beyond L9, the atomic arrangement becomes disordered. The quantified density profile and in-plane order parameter are shown in Figure 6b,c as a function of distance from the interface. Beyond L3, S(z) decreases rapidly with distance from the liquid. S(z) for L1 is lower than that for L2 and L3, due to the lattice distortion caused by the partial edge dislocation network in L1.



Time-averaged atomic positions at the end of nucleation (t = 50 ps) are shown in Figure 6d–f. Using disregistry analysis [47], we identified the Shockley partial dislocations in L1 with Burgers vector (blue arrows) of b1, b2, and b3, which are largely normal to the corresponding dislocation lines (orange lines), showing that the partial dislocations have a predominant edge component (Figure 6d). In L2, the Shockley partial dislocations with Burgers vector of b’1, b’2, and b’3 (orange arrows, Figure 6e) are largely parallel to the corresponding dislocation lines (blue lines), showing that they have a predominant screw component. The analysis shows that there are no dislocations in L3.



Heterogeneous nucleation of the crystal structure of a new phase occurs within the first three atomic layers. After the formation of L3, solidification enters the growth stage. The nucleation process is characterized by a gradual increase of atomic ordering through structural templating (Figure 5a) and a gradual decrease of atomic spacing (Figure 5b). In contrast, at the growth stage atomic ordering increases much faster (Figure 5a) through epitaxial growth without any change in atomic spacing (Figure 5b). There is only one interface (substrate/liquid) before nucleation (Figure 3), but two interfaces after nucleation (a substrate/solid interface and a solid/liquid interface) (Figure 6), while growth is a process where the solid/liquid interface advances into the liquid.




3.2. Effect of Lattice Misfit


The evolution of atomic ordering during the nucleation process is qualitatively similar for all systems with negative misfit. Figure 7 shows the time-averaged atomic positions of L1/L0, L2/L1, and L3 for the systems with f = −2%, −6% and −8% at t = 1 ns (fully solidified) in the simulations at their respective Tn (833 K, 764 K and 760 K for the systems with f = −2%, −6%, and −8%). The density of the partial dislocations in L1 and L2 increases with misfit. L3 is a nearly perfect crystalline plane of the fcc Al lattice, regardless of the misfit. The three-layer atomistic mechanism for heterogeneous nucleation is consistent for systems with negative misfit regardless of the degree of misfit.



The edge component of the partial dislocations in L1 accommodates the initial misfit and, the accommodated misfit, fa, in the individual layer at the interface can be obtained by calculating the ratio of the average atomic spacing of each layer relative to that of the substrate. For the system with an initial misfit of f = −8%, L1 and L2 accommodates −6.7% and −1.3% misfit, respectively. Figure 8a shows fa for L1 as a function of the initial misfit f. The absolute value of accommodated misfit (|fa|) by L1 increases with increasing absolute value of misfit (|f|) of the system, and the value of fa in L1 accounts for most of the initial f for all the systems studied.



One of the interesting phenomena revealed in this work is that, after nucleation, the solid twists an angle relative to the substrate (Figure 7). We evaluated the twist angle of the individual layer relative to the substrate as an average over the acute angles between three close-packed directions (<110>) of the consecutive layers at the interface. For the system with f = −8%, the calculated twist angle, θ, is 4.8° for L2 relative to L1, and 1.2° for L1 relative to the substrate surface, making a total twist angle of 6.0°. The twist is achieved through the screw component of partial dislocations in L2 and L1. Figure 8b shows the total twist angle, θ, of the solid relative to the substrate as a function of the initial misfit, f. The twist angle of the solid increases with increasing initial misfit, from 0° for f = 0% to about 6° for f = −8%.



The nucleation undercooling, ΔTn, is the difference between the liquidus (Tl) and the nucleation temperature (Tn): ΔTn = Tl − Tn. In this work, we take ΔTn = 0 K for the system with f = 0% as the reference point and then ΔTn for systems with varying f can be determined. The calculated ΔTn as a function of misfit is plotted in Figure 8c, which shows that nucleation undercooling increases with increasing misfit (0 ≤ |f| ≤ −8%).




3.3. A New Atomistic Mechanism for Heterogeneous Nucleation


Based on the above results, here we present a new atomistic mechanism for heterogeneous nucleation, which is schematically illustrated in Figure 9, and can be described as follows:




	
Prenucleation creating a 2D ordered structure that acts as a precursor for nucleation.



	
Accommodation of misfit by forming a partial edge dislocation network in L1.



	
Relaxation of the lattice distortion by twisting L2 by an angle (θ) through the formation of a partial screw dislocation network in L2.



	
Completion of nucleation by creating a crystal plane of the solid (L3) that provides a template for further growth.









3.4. Experimental Validation


Heterogeneous nucleation in metallic liquids takes place at liquid/substrate interface buried deeply in an opaque liquid at high temperature, in an extremely short time interval and at nanometer length scale. This makes in situ experimental observation of heterogeneous nucleation process extremely difficult, if at all possible. However, postmortem approach may be used to examine some of the useful signatures of heterogeneous nucleation. As shown in Figure 8 and Figure 9, one of the key features of the three-layer nucleation mechanism for systems with negative lattice misfit is that upon completion of nucleation the new solid phase twists an angle (θ) relative to the substrate and that the twist angle increases with increasing lattice misfit. This phenomenon provides us with an approach to validate, at least partially, the three-layer nucleation mechanism based on MD simulations.



In this work, we have undertaken experimental work to confirm the twist angle related to the lattice misfit. TiB2 particles with a (0001) surface termination (denoted as (0001) TiB2) have a misfit of −4.2% with the (111) Al at 660 °C according to the following orientation relationship (OR) [16]


    (  0001  )   [  11  2 ¯  0  ]       TiB 2    / /    (  111  )   [  0  1 ¯  1  ]    Al   



(OR1)







Figure 10a is a HRTEM micrograph showing the interface between (0001) TiB2 and (111) Al, where the electron beam is parallel to the    [  11  2 ¯  0  ]    TiB2 direction. The first layer of aluminum atoms on the (0001) TiB2 surface has an epitaxial relationship with the substrate (shown as individual lattice with edge dislocations), whilst from the 2nd layer onwards, the aluminum lattice has twisted by an angle of 4.7° along the [1] TiB2 axis as measured by double tilting experiments and confirmed by the striation of the rest of (111) aluminum planes. Another example is found in the solidified Al-5Mg-3Si-0.6Mn-0.6Fe alloy with TiB2 addition. Figure 10b is a HRTEM micrograph showing the atomic arrangement across the TiB2/α-Al15(Fe, Mn)3Si2 interface, where the electron beam is parallel to the    [  01  1 ¯   ]    direction of the α-Al15(Fe, Mn)3Si2 crystal. The OR between TiB2 and α-Al15(Fe, Mn)3Si2 is


    (  0001  )   [  11  2 ¯  0  ]       TiB 2    / /  (  01  1 ¯   )   [  111  ]    α -  Al 15  ( Fe ,   Mn  ) 3   Si 2    



(OR2)




The lattice misfit determined by OR2 is −5.5%. We found that α-Al15(Fe, Mn)3Si2 has twisted 4.5° along the [1] TiB2 axis. These results presented in Figure 10a,b provide directly support to the nucleation mechanism illustrated in Figure 9.



In addition, a three-layer nucleation mechanism was established in the systems with positive lattice misfit by MD simulations [35], where the first layer is epitaxial to the substrate surface, the second layer contains vacancies to accommodate lattice misfit, and the third layer becomes a plane of the solid (i.e., the 2D nucleus), involving no twist of the solid relative to the substrate. This no-twist signature of heterogenous nucleation in the systems with positive lattice misfit is supported by an earlier HRTEM examination. Fan et al. [46] investigated the grain refinement mechanisms in AZ91D Mg-alloy, and found that MgO particles can nucleate α-Mg with the following OR


  < 01  1 ¯  > { 111 }   MgO   / /   < 1  2 ¯  10 > { 0002 }   Mg  



(OR3)




which gives a lattice misfit of 7.9%. There is no twist observed between the two crystals, being in good agreement with the MD simulation.





4. Discussion


By using MD simulations, we have established an atomistic mechanism for heterogeneous nucleation process for systems with negative misfit, as schematically illustrated in Figure 9. The substrate surface induces a 2D ordered structure in the liquid adjacent to the interface at temperatures above Tn, and this is termed prenucleation [28]. Our previous work found that prenucleation is affected by temperature [28,30], lattice misfit [28], chemical interaction between the substrate and the liquid [26] and the atomic-level surface roughness of the substrate [31]. For a given nucleation system the degree of prenucleation increases with decreasing temperature and reaches a maximum level at Tn (Figure 3). Prenucleation creates a precursor for heterogeneous nucleation. At Tn, building on the precursor, heterogeneous nucleation starts by completing the atomic ordering of L1 where the initial misfit in the system has been largely accommodated by the formation of a partial edge dislocation network (Figure 4). A consequence of the partial dislocation network is the distortion of the atomic lattice in L1, where the atomic rows become zig-zagged (Figure 4). This increase in atomic ordering in L1 templates more atomic ordering in L2, which twists by an angle (θ) to reduce the lattice distortion through the formation of a network of partial screw dislocations (Figure 6e). A crystalline plane of the solid is created in L3 (Figure 6f), and L3 becomes the template (i.e., 2D nucleus) for epitaxial growth of the new solid phase.



Based on the above description, heterogeneous nucleation can be defined as a process that creates a crystal plane of the solid (2D nucleus) from which the solid can grow. This is in clear contrast to the cap formation (3D nucleus) in the classical nucleation theory (CNT). This concept of heterogeneous nucleation makes a number of advances over the CNT:




	
The liquid phase: The CNT assumes that the liquid is a disordered phase containing instantaneous short-range order (unstable). In contrast, the new concept acknowledges the importance of prenucleation that provides a stable 2D ordered structure as a precursor for heterogeneous nucleation (Figure 3).



	
The interface: The CNT assumes that all the interfaces are sharp with zero thickness (the capillarity assumption), while the new concept suggests that all the interfaces are diffuse with finite thickness (Figure 6). Such diffuse interface can be quantified by atomic density profile (ρ(z)) and in-plane order parameter (S(z)).



	
Nucleation outcome: The outcome of classical heterogeneous nucleation is a spherical cap of the solid with a critical radius (3D), while in the new concept heterogeneous nucleation provides a crystalline plane of the solid (2D).



	
Energy barrier: In the CNT, there may be an energy barrier for heterogeneous nucleation depending on the nucleation undercooling (ΔTn), while in the new concept heterogeneous nucleation is a down-hill process with no energy barrier.



	
Atomic ordering mechanism: the CNT relies on structural fluctuation to provide the critical nucleus and thus is a stochastic process, while in the new concept nucleation starts from the precursor provided by prenucleation, proceeds layer-by-layer through structural templating (Figure 9), and therefore is a deterministic process.








Based on the capillarity assumption the CNT is mathematically rigorous and self-consistent but represents a closed theoretical system that is difficult to make any tangible improvement on it. In contrast, the new concept of heterogeneous nucleation is an open framework to which new knowledge can be added. For instance, nucleation potency measured by nucleation undercooling is related to misfit, chemical interaction across the interface and atomic level surface roughness of the substrate. Such understanding provides approaches to manipulating the atomic arrangement at the substrate/liquid interface to either enhance or impede heterogeneous nucleation.



This study reveals that the potency of the substrate is primarily related to the lattice misfit (Figure 8c), in accordance with the prediction of the analytical models [48,49]. Here we take TiB2 particles in Al melt as an example to demonstrate how a substrate can be manipulated to change nucleation potency. TiB2 has a hexagonal crystal structure and a hexagonal platelet morphology with the (0001) planes as its major surface termination. The (0001) TiB2 surface has a misfit of −4.2% with {111} Al at 660 °C [16], suggesting that TiB2 is not potent for heterogeneous nucleation of aluminum. Segregation of Ti at the TiB2/liquid Al interface leads to the formation of a mono atomic layer of (112) Al3Ti 2DC, which reduces the misfit |f| from 4.2% to 0.09%, significantly increasing the nucleation potency of TiB2 particles [16]. However, addition of 500 ppm Zr into liquid Al results in the formation of (0001) Ti2Zr 2DC on (0001) TiB2 surface to replace the original (112) Al3Ti 2DC [50]. The (0001) Ti2Zr 2DC has not only a large misfit with Al but also an atomically rough surface, making such TiB2 particles impotent for heterogenous nucleation of solid Al.



In addition to earlier work on the systems with positive lattice misfit [35], this work has extended the applicability of the three-layer nucleation mechanism to systems with negative misfit. This means that the three-layer nucleation mechanism is applicable to systems with small lattice misfit, i.e., |f| < 12.5%, the theoretical upper limit of misfit for dislocation mechanisms [48]. However, further work is required to investigate the nucleation mechanisms for systems with large lattice misfit (i.e., |f| > 12.5%) and/or with atomic-level surface roughness.




5. Summary


We have investigated systematically the heterogeneous nucleation mechanism in generic systems with negative misfits using molecular dynamics simulations. We found that heterogeneous nucleation starts from a 2D ordered structure created by prenucleation and finishes within three atomic layers to create a crystal plane of the solid that acts as a template for further growth. During the nucleation process, the first layer accommodates misfit through the formation of a partial edge dislocation network; the second layer reduces the lattice distortion in the first layer by twisting by an angle of θ through the formation of a partial screw dislocation network; and the third layer finishes nucleation and provides a template for growth. In addition, we found that the nucleation undercooling increase with increasing misfit, in agreement qualitatively with the previous theoretical predictions. The new concept of heterogeneous nucleation provides a number of advances compared with the classical nucleation theory (CNT); heterogeneous nucleation is a deterministic process that proceeds spontaneously (without an energy barrier) through a structural templating process. Furthermore, the MD simulation has confirmed that the heterogeneous nucleation in systems with negative lattice misfit results in a twist of the solid relative to the substrate, and that the twist angle increases with the lattice misfit. The twist angle as a signature of heterogeneous nucleation has been validated in Al-alloys using advanced electron microscopy.
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Figure 1. Evolution of total energy (Et) of the system with f = −8% during the simulation at Tn = 760 K. t = 0 marks the onset of nucleation, t1 marks the onset of nucleation, t2 the end of nucleation and t3 the end of solidification. L and S denote the liquid and the solid phases, respectively. 
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Figure 2. Evolution of the 2D ordered structure at the liquid/substrate interface in the system with f = −8% at Tn = 760 K. Time-averaged atomic positions of L1(on top of L0), L2 and L3 at (a) t = −300 ps; (b) t = −110 ps; and (c) t = −10 ps showing the dynamic nature of the 2D ordered structure. “C” marks the stacking fault that is surrounded by partial edge dislocations (the solid lines). 
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Figure 3. Precursor of heterogeneous nucleation. (a) A snapshot, and (b) atomic density profile, ρ(z), and (c) in-plane order parameter, S(z), as a function of the distance, z, from the interface at the onset of nucleation (t = 0 ps) for the simulation system with f = −8% at Tn = 760 K. There are six notable atomic layers in the liquid, but only the first two layers contain some degree of in-plane ordering. (d–g) Time-averaged atomic positions of the L1, L2, L3, and L4 layers at the interface are indicative of 2D ordered structure. For comparison, L0 is also shown in (d). “C” marks the stacking fault that is surrounded by partial edge dislocations (the solid lines). 
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Figure 4. Evolution of atomic ordering through structural templating during nucleation. Atomic arrangements of the solid atoms at the interface as a function of time: (a) t = 0 ps, (b) 20 ps, (c) 40 ps, and (d) 50 ps during the simulation for the system with f = −8% at Tn = 760 K, where the liquid atoms have been removed from the snapshot. “C” and “B” mark the stacking fault that is surrounded by partial dislocations (the solid lines) in L1 and L2, respectively. Starting from the precursor created by prenucleation, nucleation proceeds layer-by-layer through structural templating: L1 accommodates lattice misfit via a partial edge dislocation network; L2 twists an angle of θ via a partial edge dislocation network to reduce lattice distortion; L3 is a nearly perfect plane of the solid that templates further growth. 
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Figure 5. (a) Fraction of the solid atoms, fs, and (b) average atomic spacing, da, of the ordered regions in the individual layer at the interface as a function of z and t during the simulation of the system with f = −8% at Tn = 760 K. 
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Figure 6. (a) A snapshot, and (b) ρ(z), and (c) S(z) as a function of z from the interface at t = 50 ps during the simulation for the system with f = −8% at Tn = 760 K. Time-averaged atomic positions of (d) L1 on top of L0 showing the partial edge dislocation network; (e) L2 on top of L1 showing the partial screw dislocation network; and (f) L3 showing a nearly perfect plane of the solid that templates further growth. The b1, b2, b3 (b′1, b′2, b′3) and the arrows represent the Burges vectors of the Shockley partial edge (screw) dislocations in the L1 (L2). 
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Figure 7. Time-averaged atomic positions at the interface for the systems with (a) f = −2%, (b) −6%, and (c) −8% at t = 1 ns during the simulations at their respective Tn. The b1, b2, b3 (b’1, b’2, b’3) and the arrows represent the Burges vectors of the Shockley partial edge (screw) dislocations in the L1 (L2). 
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Figure 8. (a) Accommodated lattice misfit, fa, in L1, (b) the twisted angle, θ, of the solid relative to the substrate, and (c) nucleation undercooling, ΔTn, as a function of the initial lattice misfit, f. 
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Figure 9. Schematic illustration of the three-layer nucleation mechanism for the system with negative lattice misfit. Building on the precursor (a 2D ordered structure) induced by the substrate at the prenucleation stage, at nucleation temperature, heterogeneous nucleation proceeds layer-by-layer through structural templating. L1 accommodates lattice misfit through an edge dislocation network; L2 twists an angle to reduce lattice distortion; and L3 is a plane of the solid (the 2-D nucleus) that templates further growth. 
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Figure 10. High resolution TEM micrographs show that, on the (0001) TiB2 substrate, there exists an epitaxial first layer and a twist of the nucleated crystals relative to the substrate. (a) α-Al phase and (b) α-Al15(Fe, Mn)3Si2 phase nucleated on the (0001) TiB2 substrate showing a 4.7° and 4.5° twist relative to the TiB2 substrate, respectively. The observed twist angles are in good agreement with the results from MD simulations (Figure 8b), providing an experimental support to the proposed nucleation mechanism (Figure 9). 
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