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4. Abstract 

This four-year research project has advanced the fundamental knowledge of grain boundary 

(GB) complexions (i.e., “two-dimensional interfacial phases”) and associated GB “phase” 

transitions in several grounds. First, a bilayer interfacial phase, which had been directly observed 

by microscopy only in complex ceramic systems in prior studies, has been identified in simpler 

systems such as Au-doped Si and Bi-doped Ni in this study, where the interpretations of the their 

formation mechanisms and microscopic images are less equivocal.  Second, convincing evidence 

for the existence of a first-order GB transition from a nominally “clean” GB to a bilayer 

adsorption interfacial phase has been revealed for Au-doped Si; the confirmation of the first-

order nature of interfacial transitions at GBs, which was rare in prior studies, is scientifically 

significant and technologically important. Third, the bilayer interfacial phase discovered in Bi-

doped Ni has been found to be the cause of the mysterious liquid metal embrittlement 

phenomenon in this system; the exact atomic level mechanism of this phenomenon has puzzled 

the materials and physics communities for over a century. Finally, significant advancements have 

been made to establish phenomenological thermodynamic models for GB complexions and 

transitions. Since GB complexions can control the transport, mechanical and physical properties 

of a broad range of metallic and ceramic materials, the fundamental knowledge generated by this 

project can have broad impacts on materials design in general.  In this regard, understanding and 

controlling GB phase behaviors (complexions and transitions) can be an important component 

for the “Materials Genome” project.   
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5. Description of accomplishment  

(A) Background and Introduction  

The concept that interfaces such as grain boundaries (GBs) can exhibit “phase” behaviors is not new. 

In 1968 and 1972, Hart already proposed that GBs can be considered as “two-dimensional interfacial 

phases” that may undergo “phase” transformations [1, 2]. Subsequent thermodynamic models developed 

by Cahn [3-6], Clarke [7], Tang, Carter and Cannon [8, 9], Wynblatt and Chatain [10, 11], and Luo [A6] 

further elaborated this concept. Tang, Carter and Cannon [8, 9] first introduced the terminology 

"complexion"; they argued that an interfacial complexion is not a “phase” according to Gibbs’ rigorous 

definition because it has no identifiable volume and it cannot exist alone without abutting bulk phase(s).  

One particular "liquid-like" GB complexion is represented by impurity-based equilibrium-thickness 

intergranular films (IGFs), which were widely observed in structural and functional ceramics [7, 12, 13]. 

Interfacial films of similar character have been found at metallic GBs [14-16], as well as at metal-oxide 

interfaces [17-19] and on free surfaces [20-22]. These nanoscale IGFs often control microstructural 

development and physical properties [12]. In 2007, an important advancement was reported by Dillon et 

al. [23-26], who discovered a series of distinct GB complexions in alumina: an intrinsic-like “clean” GB, 

a monolayer, a bilayer, a trilayer, a nanoscale IGF, and a wetting film (Fig. 1).   

 

Figure 1: Schematic illustration of a series of complexions that were initially observed in doped Al2O3 by 
Dillon and Harmer [23, 24]. Similar complexions were also observed in various metallic systems [A4]. 
Recent observations of the most controversial bilayer complexion and an associated first-order GB 
transition in Si-Au [A2], as well as a series of three GB complexion transitions in TiO2-CuO-SiO2 [A1], 
further demonstrated the generality and diversity of GB complexion formations and transitions.  

In collaboration with a Lehigh team led by Prof. Harmer, in this DOE-BES project we have made a 

series of important experimental discoveries of complexion formations and transitions in Si-Au (i.e., Au-

doped Si) [A2] and Ni-Bi [A3, A4] (which were the proposed primary and secondary model systems, 

respectively, in our original proposal). Furthermore, we have made advancements in establishing general 

interfacial thermodynamic models for GB complexion formation and transition [A5-A9] and helped the 

Lehigh team to interpret their observation of complexions and transitions in TiO2-CuO-SiO2 [A1]. Key 

achievements are described subsequently.      
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(B) Development of Thermodynamic Models  

In the theoretical and modeling thrust, we have developed a thermodynamic model for coupled 

adsorption and disordering transitions at GBs by combining diffuse-interface and lattice-gas models [A6, 

A7].  This interfacial thermodynamic model considers 1) the through-thickness gradients, 2) a simplified  

atomic size effect (assuming that atoms are represented by structure-less hard spheres via adopting a 

“solvation” interaction), and 3) the effects of additional interfacial interactions (such as van der Waals 

London dispersion and electrostatic interactions).  Fig. 2(a) schematically illustrates the key steps in 

constructing this model; further details and formulation can be found in our DOE supported research 

publication in Appl. Phys. Lett. [A6] and a subsequent invited overview article in JOM [A7]. 

 

(a) 

        
 (b) (c) 

Figure 2: (a) Schematic illustration of an interfacial thermodynamic model developed in this BES project 
by combining a diffuse-interface model with a lattice-gas model and incorporating extra colloidal-type 
interfacial interactions. (b) A representative GB complexion (phase) diagram, in which first-order transition 
lines and critical points are plotted in the field of normalized bulk composition and normalized GB 
misorientation. (c) Computed GB excess vs. normalized bulk composition for four selected GBs that are 
indicated by the arrows in (b).  (Figure adapted from Ref. [A6]) 
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This thermodynamic model produces a systematical spectrum of interfacial phenomena for GBs, 

including first-order and continuous coupled prewetting and premelting transitions, critical points, 

multilayer adsorption, layering and roughening, and complete wetting and drying; it produces a series of 

generic GB complexions with character similar to those observed by Dillon and Harmer [Fig. 2 (a) and 

(b)]. We should emphasize that such GB phase behaviors are analogous to a case of multilayer gas 

adsorption on an attractive inert substrate, for which similar surface phase diagrams had been constructed 

by physicists in 1980s [27]; this analogue helps us to understand the physical origin of this series of GB 

complexions. We also demonstrated that the presence of London dispersion and electrostatic forces in 

ceramic materials could appreciably change the GB phase behaviors [A6]. 

Via the support of our BES grant, we also collaborated with Lehigh researchers to explain their 

observations in a TiO2 bicrystal.  The Lehigh team made a very interesting observation of the formation 

of a series of GB complexions in the TiO2-CuO-SiO2 system, including a monolayer, a bilayer, a trilayer 

and a continuous partial-wetting nano-droplet at a bicrystal GB [A1]. We proposed that this series of GB 

complexions formed from “dewetting” of a high-order complexion (e.g., a uniform wetting film or a 

nanoscale equilibrium-thickness IGF) that led to a series of (uncompleted) GB transitions during cooling. 

This explanation is schematically illustrated in Fig. 3, and several key points are discussed below.   

  

Figure 3: (a) Computed GB excess free energy vs. normalized film thickness curves. The 
thermodynamically-stable complexion, represented by the global minimum, is labeled for each of the 
normalized undercooling.  With increasing normalized undercooling, a series of GB transitions may occur.  
(b) An explanation of the GB complexion formation observed in the TiO2-CuO-SiO2 system by the Lehigh 
team. This series of GB complexions, which are schematically shown in the lower-right corner of panel 
(b), likely formed during the cooling. (Figure adapted from Ref. [A1]) 

The observed atomically-abrupt transition regions between the adjacent complexions suggest the 

interfacial transitions are generally first-order.  To explain the origin of these first-order transitions (from 

trilayer to bilayer to monolayer sequentially), we plot the excess GB free energy vs. (normalized) film 

thickness curves in Fig. 3(a) for five different normalized undercoolings (/, where  is the monolayer 

thickness and  is a thermodynamic parameter that scales the interfacial width. Here,   Gamorph/(-γ), 

where Gamorph is the volumetric free energy to form an undercooled liquid and -γ is the change of 

interfacial energies upon replacing a high-energy “dry/clean” GB with two low-energy solid-liquid 

interfaces; see Refs. [A1, A9] for elaboration). The minima respond to the discrete GB complexions: at 

each temperature (normalized undercooling), the global minimum represents the thermodynamically-

stable complexion, and other minima represent meta-stable complexions.   

As shown in Fig. 3(a), with reducing temperature (increasing normalized undercooling), a series of 

GB transitions could be produced, leading to the possible formation of wetting layer, a nanoscale IGF, a 

trilayer, a bilayer, a monolayer and a clean/dry GB sequentially. Fig. 3(b) schematically illustrates a 
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possible explanation for the formation of a series of GB complexions during cooling. At the temperature 

where the interfacial structures were quenched, the monolayer was likely the stable complexion, and 

bilayer and trilayers were metastable. The trilayer-to-bilayer and bilayer-to-monolayer transitions are 

first-order, which originate from the energy barriers between the minima; these energy barriers are 

resulted from an oscillatory structural (solvation) interaction [A6]. Furthermore, a continuous transition 

from nanoscale IGF to trilayer is expected from this thermodynamic theory, and this continuous transition 

is represented by the continuously-changing profile at the tip of the nano-droplet, which is schematically 

shown in the lower-right corner of Fig. 3(b).  According to the statistical model for the oscillatory 

structural interaction, the energy barriers that produce the first-order (layering) transitions decay 

exponentially, where the decaying length is equal to the monolayer thickness (); thus, the transition 

should become virtually continuous after three layers, where the barrier height decays by 1/e
3
.   

(C) Grain Boundary Complexions and Transitions in Si-Au (Our Primary Model System) 

A major scientific goal for this project was to investigate GB transitions using doped Si as the model 

system. In the first two years, we conducted experiments to penetrate pre-bounded Si bicrystals with Au 

and Al based liquids; we found that the control of the native oxide on Si was a major challenge; oxide-

based nanoscale IGFs were observed in Si-Au (but not Si-Al); selected examples are shown in Fig. 4. 

 

Figure 4: Representative results of the (a) Si-Au and (b) Si-Al systems from experiments conducted in 
the first two years, in which pre-made Si bicrystals were annealed in contact with Au or Al based liquids to 
allow liquids to penetrate along the GBs and form complexions. Notably, a nanoscale IGF was observed 
in Si-Au but not in Si-Al; subsequent analysis showed that this nanoscale “amorphous” IGF is oxide 
based. Presumably, Al served as an effective getter that reduced and eliminated oxide-based IGFs.  

Subsequently, we worked with our Purdue subcontractor (Prof. Minghao Qi and co-workers) and 

developed a new method to make oxide-free specimens (with details reported in Ref. [A2]).  Then, we 

made (100) 29 (44 twist) and (111) 43 (15 twist) bicrystals (both are relatively high-energy and low-

symmetry GBs; selected to represent general GBs), with thin Au layers sandwiched in between. We also 

made bicrystals with other metal layers, including Ti, Pt and Al. However, the most interesting results 

were found in the Si-Au system, so we focus on Si-Au in this report.  These specimens were heated 
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treated under different conditions, and we examined the GB transitions that occurred during the dewetting 

of the Au films upon cooling.   

After specimens were prepared by us at Clemson University, the aberration-corrected high-angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) characterization was 

conducted at Lehigh University by our collaborators (Prof. Hammer and co-workers). One of the most 

important observations was a first-order GB transition from a bilayer to an intrinsic (nominally “clean”) 

GB in the Si-Au system at the Si (111) 43 twist GB. This observation is illustrated in Fig. 5(a). Here, the 

most striking finding is the co-existence of a bilayer and clean/intrinsic GB segment at the same GB with 

an atomically-abrupt transition, as vividly shown in middle image in Fig. 5(a). This indicates the 

occurrence of a bilayer to “clean” GB transition during cooling.  Furthermore, the atomically-abrupt 

transitions between the two GB complexions [again, see the middle image Fig. 5(a)] suggests that the GB 

transition from a bilayer to an intrinsic/clean GB is first-order, because it is associated with a 

discontinuity (abrupt “jump”) in the interfacial excess of the solute (Au) adsorption. 

 

Figure 5: (a) HAADF-STEM micrograph showing the abrupt transition region between the bilayer and the 
“clean” GB, indicating the occurrence of a first-order GB transition between them.  (b) Schematic 
illustration of free-energy states that may lead to this first-order transition. (Figure adapted from Ref. [A2]) 

We explained the bilayer stabilization and the origin of this first-order transition by using a regular-

solution lattice-gas model.  We used the Miedema model to show that Au-Si bonds are stronger than the 

average of Si-Si and Au-Au bonds; thus, Au atoms bond strongly to the Si atoms on the adjacent Si grain 
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surface. As illustrated in Fig. 5(b), it is energetically expensive to form an Au monolayer at the low-

symmetry ( 43) twist GB because the Au monolayer cannot grow coherently with respect to both grain 

surfaces.  In other words, both Si grain surfaces would like to impose structural order onto the monolayer, 

which would result in a structural frustration that destabilizes the monolayer complexion.  In contrast, in a 

bilayer, each Au layer can follow the order of their adjacent grain, resulting in an incoherent Au-Au 

interface (which is energetically preferred over an incoherent Si-Au interface); thus this bilayer 

complexion can be more stable.  Furthermore, this analysis suggests that an interfacial phase transition 

from a bilayer to an intrinsic GB is likely first-order because of the existence of an energy barrier between 

the states [Fig. 5(b)], which was supported by experimental observation of an atomically-abrupt transition 

between the bilayer and a “clean” GB, as illustrated in the middle image in Fig. 5(a).   

This observation and our model illustrate that the generic interfacial thermodynamic model discussed 

in §B provides important insights about the physical origin of GB complexions, but it is not sufficiently 

realistic to describe GB complexion transitions in all systems. Specifically, a model that considers atoms 

as structure-less spheres cannot explain the bilayer-to-intrinsic GB transition in the absence of a 

monolayer [Fig. 5(a)]; on the other hand, bilayer-to-intrinsic GB transition can be well explained in a 

quasi-chemical model shown in Fig. 5(b) and discussed above.   

Another interesting observation made for the Si (111) 43 twist GBs is the formation of step-

stabilized “ultra-nanowires”, as shown in Fig. 6.  HAADF STEM images have shown that some Si (111) 

43 twist GBs contains intermittent Au-rich “bilayer patches” separated by clean GB at the edge-on 

condition [Fig. 6(e)], which are actually a region of step-stabilized, bilayer-like, “ultra-nanowires” that 

are ~2 atoms thick and 5 to 10 atoms wide.  This discovery was made during tilting experiments. When 

tilted to ~20 degrees, the “ultra-nanowires” [represented by the parallel lines in Fig. 6(b)] are clearly 

visible, as shown in Fig. 6(a)-(c).  In all cases, the Au nanowires are about 2 atoms thick, 5-10 atoms 

wide, and extended through the entire TEM sample (suggesting that they are macroscopic in length).  

They are spaced periodically along the bicrystal GB. Novel applications can be envisioned.   

 

Figure 6: Panels (a)-(c) show a Si (111) twist GB (43) tilted 20° away from the edge-on orientation so 
that the three-dimensional structure of the Au segregation can be seen. Panel (d) shows a “continuous” 
bilayer at the edge-on condition, which corresponds to the middle region of (a). Some of the “bilayers 
patches” observed at the edge-on condition [see, e.g., Panel (e)] are in fact “ultra nanowires” that are ~2 
atoms thick and 5 to 10 atoms wide, which are stabilized by linear steps (ledges) at the GB. (Unpublished 
results; specimens made at Clemson and characterized at Lehigh.)    
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Prior to the systematic investigation of Si (111) 43 twist GBs (with the key results summarized 

above), we also examined the Si (100) 29 twist GBs.  This study was motivated by a recent atomistic 

simulation by Sutton and co-workers [28] that indicated that the Si (100) 29 twist GB would undergo 

structural transitions starting at 0.7-0.8 Tm.  Since Si-Au is one of the best metallic glass forming systems, 

we initially hypothesized that adding Au would promote the formation of a “disordered” GB complexion.  

Surprisingly, the characterization showed that the Si (100) 29 GBs in the Si-Au system only exhibited 

low levels of structural disorder with submonolayer adsorption of Au (Fig. 7); in these experiments, we 

heated the specimens up to ~1 K below the melting temperature of Si (i.e., > 0.999 Tm) and gas-quenched 

these specimens (with the initial cooling rate being ~ 500K per minute). The most “disordered” GB 

structure observed for all the quenched (100) 29 GBs that we have characterized is shown in Fig. 7. 

 

Figure 7: The most “disordered” (100) 29 twist GB observed in this study, with a submonolayer level of 
Au adsorption visible in the HAADF-STEM micrograph. (Unpublished results; specimens made at 
Clemson and characterized at Lehigh.)  

In all above cases, specimens were made at Clemson University with the help of our subcontractor at 

Purdue University (both supported by this DOE-BES grant) and characterized by aberration-corrected 

HAADF-STEM at Lehigh University by our collaborators, Prof. Hammer and co-workers, who were 

supported by a separate DOE-BES grant. 

(D) Grain Boundary Complexions in Ni-Bi (The “Contingent Plan” in the Original Proposal) 

In the original proposal entitled “Grain Boundary Complexions and Transitions in Doped Silicon,” 

the PI proposed to use Ni-Bi as a secondary model system to investigate GB complexions (in case that the 

results from Si systems were less ideal).  Thus, we conducted an exploratory study in Ni-Bi in parallel 

with the Si study.  In the Ni-Bi system, we discovered a bilayer interfacial phase of adsorbed Bi atoms at 

Ni general GBs, which is the cause of liquid metal embrittlement in this system [A4].  This example 

strikingly demonstrates that GBs can undergo a phase transition that cause drastic changes in properties. 

Furthermore, we made a single observation of a trilayer.  The observations of the most controversial 

bilayer and trilayer interfacial phases in a simple binary metallic system (in addition to that in the Si-Au 

system described above), where interpretations of both their formation mechanisms and HAADF-STEM 

images are less equivocal, authenticate the general existence of this series of complexions.  Thus, these 

observations critically support the complexion theory. Furthermore, this discovery provides a new 

perspective to understand the atomic-level mechanisms for liquid metal embrittlement as well as the more 
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general GB embrittlement phenomena in metals [A4]. This extra “sidetracked” work (that was initially 

planned as a “backup” experiment in the contingent plan in the original proposal) was published in 

Science [A4] and generated significant impacts. 

 

Figure 8: The observation of a bilayer interfacial phase in Ni-Bi provided a new perspective to understand 
the mysterious atomic level mechanisms for liquid metal embrittlement, which have puzzled the materials 
and physics communities for over a century; this work was published in Science [A4]. 

Finally, a systematic study was conducted to investigate the kinetics of intergranular liquid metal 

penetration in the Ni-Bi system in the presence of impurities (such as Mn, Sn and Fe).  Our study revealed 

that a small amount of impurities can drastically change the GB penetration and corrosion behaviors, and 

we have developed a framework to systematically explain these interesting results.  This study, recently 

published in Acta Materialia [A1], is practically important for understanding and controlling liquid metal 

corrosion with applications in liquid-metal cooled nuclear reactors.   

(E) Scientific Workforce Development  

A Clemson student, Kaveh Meshinchi Asl, has completed his thesis research with the support from 

this BES project, and he received his Ph.D. degree in May 2012.  
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