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Recent observations of three classes of nanometer-thick, disordered, interfacial films in multi-
component inorganic materials are reviewed and critically assessed. The three classes of films
are equilibrium-thickness intergranular films (IGFs) in ceramics, their free-surface counter-
parts, that is, surficial amorphous films (SAFs), and their metallic counterparts. Also briefly
reviewed are several related wetting and adsorption phenomena in simpler systems, including
premelting in unary systems, prewetting in binary liquids or vapor adsorption on inert walls,
and frustrated-complete wetting. Analogous diffuse-interface and force-balance models are dis-
cussed with the goal of exploring a unifying thermodynamic framework. In general, the stability
of these nanometer-thick interfacial films does not follow bulk phase diagrams. Stabilization of
quasi-liquid interfacial films at subeutectic or undersaturation conditions in multicomponent
materials can be understood from coupled interfacial premelting and prewetting transitions.
More realistic models should include additional interfacial interactions, for example, dispersion
and electrostatic forces, and consider the possibility for metastable equilibration. It is suggested
that quasi-liquid grain boundary films in binary metallic systems can be used to validate a ba-
sic thermodynamic model. These nanoscale interfacial films are technologically important. For
example, the short-circuit diffusion that occurs in interface-stabilized, subeutectic, quasi-liquid
films explains the long-standing mystery of the solid-state activated sintering mechanism in
ceramics, refractory metals, and ice.
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1. INTRODUCTION

Impurity-based intergranular films (IGFs) have been widely

observed in ceramic materials.1,2 These interface-stabilized

disordered films exhibit “equilibrium thicknesses” of 0.5–5

nanometers.1−5 Despite the existence of partial order within

the films, they are often termed “glassy” or “amorphous” films.

For decades, it has been widely accepted that such nanoscale

films could be stabilized only at internal interfaces between two

crystalline grains in ceramic materials and in the solid-liquid

(or solid-glass) coexisting regimes of the bulk phase equilib-

ria. However, this theory has been revisited due to several in-

triguing discoveries. First, free-surface counterparts to these

IGFs, known as surficial amorphous films (SAFs), have been

observed.6−11 Second, nanometer-thick grain boundary (GB)

films of similar character have been directly observed in a binary

metal system.12,13 Finally, a series of studies8,10,12,14−18 revealed

the stabilization of disordered or “quasi-liquid” interfacial films

well below the bulk eutectic temperatures (referred to as “subeu-

tectic conditions” in this article) or in the single-phase region

containing dopant concentrations below the bulk solid-solubility

limits (referred to as “undersaturation conditions” in this arti-

cle), indicating a clear analogue to the well-known phenomena

of premelting19−24 and prewetting.25−27 Given these discover-

ies, generalized thermodynamic models for a broad range of

nanoscale interfacial films are envisioned.

This review critically assesses a variety of analogous interfa-

cial phenomena in metals, ceramics, and molecular substances

with the goal of formulating a unifying thermodynamic frame-

work to understand the stability of the quasi-liquid interfacial

films, particularly at subsolidus (subeutectic or undersaturation)

conditions. An overview of several classes of interfacial films is

presented in this article, and the relationships between them are

shown in Figure 1. Related wetting and adsorption phenomena

are briefly discussed in §2. The key experimental observations

and thermodynamic models for these disordered interfacial films

in multicomponent inorganic materials are critically reviewed

and assessed in §3 and §4, respectively. Efforts were made to ex-

tend the fundamental physical principles from well-established

theories for relatively simple systems, for example, premelting

in unary materials and prewetting in binary liquids, to under-

stand interfacial films in more complex multicomponent inor-

ganic materials within a unifying thermodynamic framework.

The author’s subjective opinions and original insights are also

offered, particularly in §4 and §6. In discussions of the ther-

modynamic models, the emphases are placed on the underlying

physical principles and justifications for the models rather than

on rigorous mathematical derivations. The technological impor-

tance of these nanoscale interfacial films is discussed in §5.

2. BACKGROUND: RELATED PHENOMENA

2.1 Wetting

Stabilization of nanoscale interfacial films can be considered

as a particular case of a broad class of wetting phenomena. A

comprehensive review of wetting phenomena is given by de

Gennes.28 Basic wetting theories that are relevant to the subject

of this article are briefly summarized in this section. In particular,

effort is made to clarify several concepts and definitions that are

sometimes confusing in the literature.

As shown in Figure 2, when a small liquid drop is placed

on a flat surface, two distinct equilibrium configurations may

be found: partial wetting (also known as non-wetting) versus

complete (or perfect) wetting. In case of partial wetting of a

surface, the contact angle is given by the Young equation:

γcv = γlv · cos θ + γcl [1]

Similarly, when a small amount of liquid is present inside a

polycrystalline material at high temperatures, the dihedral angle

for partial wetting of a GB where it meets a liquid pocket at a

triple-grain or four-grain junction is given by:

γgb = 2γcl · cos
φ

2
. [2]

Here γcl , γlv , γcv , and γgb are the excess free energies for crystal-

liquid, liquid-vapor, and crystal-vapor interfaces and a GB, re-

spectively. Unless otherwise noted, it is assumed in this article

(for simplicity) that γ cl is independent of grain orientation and

that the GBs are high-angle, random boundaries with a constant

γ gb. In a real material, the wetting configuration can be differ-

ent for each individual GB, because both γ gb and γ cl depend on

boundary crystallography.

Some adsorption of the liquid species on the surface or at

the GB is generally expected. Assuming that the surface or GB

excess (Ŵ) is positive, γ sv and γ gb are reduced according to the

Gibbs isothermal equation (dγ = −Ŵ · dµ):

γcv < γ (0)
cv [3]

and

γgb < γ
(0)
gb , [4]

where γ (0)
cv or γ

(0)
gb is the excess free energy of a “completely dry”

surface or GB without any adsorption (i.e., Ŵ = 0). In principle,

surfaces in equilibrium with a secondary liquid phase always

have some adsorbates due to an entropic effect. However, the

adsorption effect can be negligible in some cases.

For a surface, complete wetting occurs when

�γ ≡ γlv + γcl − γ (0)
cv < 0. [5]

For a GB, complete wetting occurs when

�γ ≡ 2 · γcl − γ
(0)
gb < 0. [6]

It is important to note that γ (0)
cv and γ

(0)
gb should be used here. By

definition, the excess surface and GB free energies for the case

of complete wetting are given by29

γcv = γlv + γcl [7]

and

γgb = 2 · γcl , [8]
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FIG. 1. Overview of several classes of nanoscale interfacial films.

which represent the thermodynamic equilibrium configurations,

that is, surfaces and GBs with wetting films of macroscopic

thickness (Figure 2). It should be noted that γcl and γlv can be

rigorously defined for thick films (where the two interfaces are

independent) in Eqs. 5 and 6 (and other equations used later)

and no superscripts ((0)) are needed.

There is some confusion regarding Eqs. 1–8 in the liter-

ature, because the differences between the excess free ener-

gies of the interfaces with equilibrium adsorbates or wetting

films (γ cv and γ gb) and those without any adsorption (γ (0)
cv and

γ
(0)
gb ) are often not noted. For example, it is common prac-

tice to compute contact and dihedral angles (Figure 2) based

on γ (0)
cv or γ

(0)
gb , which are reasonable approximations only

if the adsorption is negligible. γ (0)
cv or γ

(0)
gb represents a non-

FIG. 2. Partial and complete wetting configurations for surfaces and GBs.

equilibrium configuration when a surface or GB coexists with a

liquid.

2.2 Premelting in Unary Systems

Surface melting or premelting refers to the stabilization of

thin surface quasi-liquid layers below the bulk melting temper-

ature in unary (one-component) materials.19−24 (This definition

can be conveniently extended to compounds that melt congru-

ently.) It occurs when the excess crystal-vapor interfacial en-

ergy is reduced when a “completely dry” crystalline surface

is replaced with a crystal-liquid interface and a liquid surface.

Convincing experimental evidence for surface premelting has

been obtained in ice,20,21 lead,30,31 adsorbed Ar films,32 and

other one-component materials. The theories and experiments of
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premelting have been reviewed.19–24 Premelting of ice is a ma-

jor reason that ice is slippery.33 Furthermore, premelting plays

a key role in the sintering, adhesion, and creep of snow and

ice, and it has major environmental consequences, for example,

in the phenomena of frost heave, glacier motion, and electrical

charging in thunderstorms.20,21

Premelting can be either complete or incomplete. In “com-

plete premelting,” as the temperature rises and approaches the

bulk melting temperature, the thickness of the surface quasi-

liquid layer increases continuously (to infinity) until a bulk wet-

ting liquid results. For ice, however, “incomplete premelting”

has been predicted where a surface premelting layer of micro-

scopic thickness form at the solid-liquid-vapor triple point, in

equilibrium with a water drop on the surface with a non-zero

contact angle (θ > 0).20,21 This unique wetting configuration

is analogous to the phenomenon of frustrated-complete wetting

discussed in §2.5.

Surface premelting does not occur in all systems.23,24 Fur-

thermore, premelting can occur anisotropically on surfaces of

specific orientations (e.g., in Pb).34,35 Whether a material ex-

hibits premelting on a specific orientation can be roughly pre-

dicted by comparing the relative interfacial energies (§2.4). In

an alternative (and equivalent) view, surface premelting oc-

curs rather ubiquitously because the entropies of atoms or

molecules at the free surface are in general greater than en-

tropies of those inside the bulk phase due to the reduced coordi-

nation number. On the other hand, the opposite effect, “surface

freezing,” the occurrence of ordered surface layers for liquid

phases, is rare but has been observed, for example, for a Si-Au

alloy.36

Driven by a reduction of interfacial energies, nanoscale quasi-

liquid films can also be stabilized at GBs below the bulk melt-

ing temperature, known as GB premelting. Numerous atomistic

simulations have indicated the occurrence of GB disordering

in metals37–39 and silicon.40–42 GB premelting has also been

studied by diffuse-interface models, suggesting the existence

of continuous43 and first-order premelting transitions.44,45 The-

oretical investigation of GB premelting in ice (a molecular

substance with long-range dispersion forces) has also been

conducted.46 Premelting behaviors of GBs should depend on

the orientations of the two abutting grains,44 but some uni-

versal characteristics may be expected for large-angle, random

GBs.37,38,41

In parallel, researchers have made great efforts to confirm the

existence of GB premelting experimentally. In 1989, Hsieh and

Balluffi reported47 an in situ hot-stage transmission electron mi-

croscopy (TEM) experiment that led them to conclude that GB

premelting likely occurs for pure Al, but only at a temperature

value above 0.999Tmelting. Subsequently, exploration in this area

was greatly discouraged. Tang, Carter, and Cannon noted44 that

there is a bias toward special GBs with high symmetry and to-

ward materials that do not easily form glass in experimental stud-

ies of GBs; these low-energy special GBs in non-glass-forming

materials are less likely to exhibit premelting. Such a bias might

contribute to the scarcity of convincing evidence for GB premelt-

ing. In 2005, direct evidence was reported for the occurrence of

GB premelting in colloidal crystals of submicron-size particles

(as a model for real materials).48

Most recently, premelting at ice-Si49 and Pd-Al50 heterophase

interfaces has also been directly confirmed by in situ X-ray re-

flectivity measurements and hot-stage high-resolution transmis-

sion electron microscopy (HRTEM) experiments, respectively,

demonstrating the ubiquitous existence of analogous interfacial

phenomena with different configurations.

2.3 Prewetting: Binary Immiscible Liquids versus Vapor
Adsorption on Inert Walls

Prewetting and wetting transitions were initially predicted in

Cahn’s critical point wetting model25 for a binary liquid mix-

ture exhibiting a miscibility gap (Figure 3). A schematic phase

diagram of the system studied by Cahn is depicted in Figure 3c.

The diffuse-interface theory that Cahn used is briefly discussed

in §4.2, and the rigorous mathematical derivation can be found

in Cahn’s original article25 or in recent reviews.28,29 Some key

predictions from Cahn’s model are outlined here. Cahn’s model

predicted a first-order wetting transition in the two-phase region

within the miscibility gap and a prewetting transition line in the

single-phase region (Figure 3c). The prewetting line represents

first-order (prewetting) transitions from thin to thick adsorp-

tion films, occurring when the phase that does the wetting is

not yet stable. The prewetting line terminates at a surface crit-

ical point, where the difference between thin and thick adsorp-

tion films vanishes. The basic predictions of the critical point

wetting models have been confirmed in organic systems51,52

and the Pb-Ga liquid metal system.53,54 Prior studies have pri-

marily been focused on organic/aqueous systems and liquid

metals.

Although Cahn’s model was initially developed for a de-

mixed binary fluid system, this model can be extended to model

the vapor adsorption on chemically inert solid walls near the

liquid-vapor critical point (commonly known as solid-liquid-

vapor systems) in which the order parameter is the number

density [cB(x) → n(x)] (Figure 3a versus Figure 3b) or an

Ising spin system in which the order parameter is the magne-

tization [cB(x) → m(x)].29 In the case of adsorption on inert

walls, the “terminating surface” is taken to be the adsorbates-

wall interface and the “bulk” is the vapor phase (Figure 3b).

Prewetting and critical point wetting in both binary de-mixed

liquids and vapor adsorption on inert walls can be represented

by the same generic phase diagram in the T −(µ-µ0) space

(Figure 3d).

Wetting transitions were predicted independently by Ebner

and Saam27 for thin argon films. Nakanishi and Fisher26 sys-

tematically examined the wetting and prewetting transitions and

summarized them in generic, global phase diagrams in the space
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FIG. 3. Schematic illustration of prewetting in (a) a binary de-mixed liquid and (b) vapor adsorption on a chemically inert wall.

The prewetting theory for vapor adsorption on an inert wall near the liquid-vapor critical point becomes isomorphic to Cahn’s

theory if the concentration field (cB(x)) is replaced with a number density field (n(x)) and the wall-adsorbates interface is set as the

“terminating surface.” (c) The phase diagram depicts the major results of Cahn’s critical point wetting model for binary de-mixed

liquids. Dashed lines represent first-order wetting or prewetting transitions. (d) Representation of the prewetting and critical point

wetting phase diagram in the T -(µ − µ0) space. This diagram represents both binary de-mixed liquids and vapor adsorption on

inert walls.

of temperature, chemical potential, surface enhancement, and

bulk and surface fields. Cahn’s model has also been extended to

systems with long-range (e.g., van der Waals) interactions55 and

ionic solutions.56 Comprehensive reviews of wetting, prewet-

ting, and related phenomena have been written by de Gennes28

and Bonn and Ross.29

2.4 Prewetting/Premelting as Wetting and Adsorption
Phenomena

Premelting and prewetting can be understood in the context

of wetting and adsorption theories. Premelting is wetting of a

crystalline solid by its own melt liquid.24 Both prewetting and

premelting (first-order or continuous) transitions are special wet-

ting transitions, occurring when the phase that does the wetting

is not yet a stable bulk phase.29 Formation of premelting and

prewetting layers at undercooled or undersaturation conditions

can be considered in a unifying view as stabilization of a thin

layer of a metastable β phase at an α − γ interface (Figure 4),

FIG. 4. A thin layer of a metastable β phase can be stabilized on

the α-γ interface if the increased volumetric free energy to form

a thin metastable β layer is over-compensated by the reduction

in the interfacial energy. In the present case, the (equilibrium)

thickness of quasi-β layer (h) is microscopic.



NANOSCALE QUASI-LIQUID INTERFACIAL FILMS 73

FIG. 5. Thickness of a premelting or prewetting layer versus

temperature or chemical potential: the prewetting/premelting

transitions can be (a) first-order, (b) continuous, (c) incomplete,

or (d) with layering transitions.

which is thermodynamically favored if

−�γ ≡ γ (0)
αγ − (γαβ + γβγ ) > �Gβ · h, [9]

where �Gβ is the extra volumetric free energy for forming the

metastable β phase and h is the thickness of the β phase layer.

γβγ and γαβ are the excess free energies for the α-γ and β-γ

interfaces, respectively. γ (0)
αγ is the interfacial energy for a “com-

pletely dry” α-γ interface. For example, surface premelting is

a case wherein the α, β, and γ phases in Figure 4 are the crys-

tal, liquid, and vapor phases, respectively, of a one-component

material.

In this regard, both premelting and prewetting layers are

interface-stabilized films, and a necessary condition for their

FIG. 6. (a) Schematic illustration of frustrated-complete (or pseudo-partial or autophobic) wetting. (b) HRTEM image of a

nanometer-thick surficial amorphous film coexisting with a partial-wetting nano-droplet in the Bi2O3 on ZnO system. Panel

(b) is reprinted from Ref. 10 with permission from the American Chemical Society.

occurrence is given by

�γ < 0. [10]

In general, the structure and composition of nanometer-thick

interfacial films should differ from those of the associated bulk

phase. Thus, the term “quasi-β” (or “β-like”) is often used. Fur-

thermore, through-thickness gradients in composition or struc-

ture generally exist.

Premelting and prewetting transitions are wetting transitions,

which can be either first-order (Figure 5a) or continuous (Figure

5b). Premelting or prewetting can be incomplete, which means

that the layer thickness remains microscopic at the coexistence,

in equilibrium with a partial-wetting β phase (Figure 5c; Figure

6; §2. 5). In principle, layering transitions can occur (Figure 5d).

Adsorption in the prewetting regime typically has a multi-

layer character. In this regard, the prewetting films in binary

de-mixed liquids can be considered as multiple adsorbed layers

with dilute concentration of the enriched solute and through-

thickness compositional gradients. Multilayer gas adsorption oc-

curs widely at free surfaces. In the classical Brunauer-Emmett-

Teller (BET) model, only the first adsorbed layer is chemisorbed,

subsequent layers are physically adsorbed, and chemical mix-

ing of the adsorbed gas and the substrate is not expected. Multi-

layer adsorption phenomena on chemically inert, attractive sub-

strates have been systematically investigated.57 As discussed

in §2.3, prewetting transitions are expected for vapor adsorp-

tion on inert substrates near the liquid-vapor critical point from

a diffuse-interface theory that is isomorphic to Cahn’s criti-

cal point wetting model29; prewetting transitions are indeed

observed from lattice-gas models of multilayer adsorption.57
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Furthermore, equilibrium solute segregation of multilayer char-

acter at GBs is also known to occur58,59; for multilayer adsorp-

tion at GBs within the crystalline lattice, a “truncated BET”

model was proposed for metals,60 and the effect of space charges

were considered for ionic materials.58 Gibbs adsorption theory

is always applicable for prewetting and all other types of multi-

layer adsorption.

2.5 Frustrated-Complete Wetting

The simple premelting or prewetting phenomenon refers to

the formation of a quasi-β interfacial film when the bulk β

phase is not yet stable. Approaching the phase boundary across

which the β phase becomes stable, it is generally expected

that the film thickness is divergent (h → +∞), resulting in

a macroscopically-thick, complete wetting film. However, in

some instances, the divergence in films thickness is constrained

(by an attractive interfacial force); thus a microscopically-thick,

interfacial quasi-β film can form in equilibrium with a partial-

wetting bulk β phase. This is the case for incomplete premelting

of ice at the triple point.20,21

Somewhat similar regions of nanoscale surficial films in

equilibrium with a partial-wetting droplet have been observed

in organic or aqueous liquid-liquid systems and described as

frustrated-complete wetting.61 These regions exist at a range of

chemical potentials between those giving submonolayer surface

coverage and complete wetting. A similar condition of a finite

droplet with a non-zero contact (wetting) angle surrounded by a

microscopic pure liquid film with thickness limited by dispersion

forces has been termed pseudo-partial wetting62 or autophobic

wetting.63 This unique wetting configuration is schematically

shown in Figure 6a. A HRTEM image of a somewhat simi-

lar wetting configuration observed in a binary oxide system is

shown in Figure 6b, which is discussed in §3.3.1 in the context

of equilibrium SAFs.

An analogous dynamic wetting configuration has also been

found for immiscible metal systems,64–66 wherein a droplet of

liquid metal with a finite contact angle coexists with mono-

layer/submonolayer adsorbates during the spreading process

(termed “precursor films,” which are kinetically limited in gen-

eral). The formation of a precursor film during dynamic spread-

ing is also well-known for aqueous, organic, and polymeric

systems.28 While the formation of precursor films during spread-

ing does not typically represent an equilibrium wetting config-

uration, these precursor films can represent metastable minima

in excess free energy versus thickness.

2.6 Colloid Stability, DLVO Theory, and Interfacial
Forces

The famous Derjaguin-Landau-Verwey-Overbeek (DLVO)

theory was developed to explain the stability of colloidal sys-

tems. The theory explained the equilibrium separation between

two colloidal particles from a balance of an attractive London

dispersion force and a repulsive electrical double-layer interac-

tion. The DLVO theory has been confirmed for numerous col-

loidal dispersions and was extended by addition of new compo-

nents of interfacial forces, for example, steric forces. Interested

readers can find a detailed description of the DLVO theory and

interfacial forces in the textbook written by Israelachvili.63 Inter-

facial forces in thin wetting films have recently been reviewed.67

The generalized DLVO theory and interfacial forces are im-

portant for understanding the stability of nanoscale interfacial

films in inorganic material systems. Although the inter-atomic

forces in inorganic materials are not the same as those in the

traditional colloidal systems, similar interfacial forces are often

present. Clarke initially explained the “equilibrium thickness”

of silicate-based IGFs in Si3N4 ceramics from a balance of at-

tractive dispersion force and repulsive steric or electrical double-

layer force,3,4 which is essentially an extension of colloid the-

ory to high-temperature, silicate-glass-based ceramic systems.

In general, the stability of nanoscale interfacial films can be

explained from a balance among multiple attractive and repul-

sive interfacial forces in force-balance models that are extended

(and modified) from the generalized colloid stability theory, al-

though the specific details of interfacial forces in inorganic ma-

terial systems can be somewhat different. See §4.3 and §4.4 for

elaboration.

3. NANOSCALE DISORDERED INTERFACIAL FILMS IN
MULTICOMPONENT INORGANIC MATERIALS

3.1 Widespread Existence

Equilibrium-thickness intergranular films or IGFs were ini-

tially observed at GBs in Si3N4-based structural ceramics con-

taining native oxide and various sintering aids or impurities

(e.g., MgO, CaO, Y2O3, La2O3, Sm2O3, Er2O3, Gd2O3, Yb2O3,

Lu2O3, F, Cl).68–105 Furthermore, IGFs of similar character have

also been observed at GBs in a variety of other nitrides,106,107

carbides,92,108–117 and oxides,16−18,118−136 as well as at het-

erophase interfaces between dissimilar ceramics.14,16,120,137,138

Key observations of these IGFs in ceramics are reviewed in §3.2.

Recently, nanometer-thick interfacial films of similar charac-

ter have been found in an increasing number of other multicom-

ponent inorganic materials (Figure 7). SiO2-enriched films have

been observed at metal-oxide interfaces with silicate doping to

promote the formation of glassy films.139−145 Metallic12,13 and

free-surface6−11,146,147 counterparts to IGFs in ceramics, which

are reviewed in §3.3 and §3.4, respectively, have also been dis-

covered. Recent studies demonstrated that minor ionic impu-

rities can further stabilize and thicken the premelting (quasi-

liquid) layers at ice surfaces, GBs, or interfaces with inert

walls.46,148 This is yet another class of impurity-based, disor-

dered, interfacial films in molecular substances, which is briefly

discussed in §3.5. These discoveries suggest that similar interfa-

cial phenomena occur more frequently than previously believed.

Consequently, the existence of analogous underlying formation

mechanisms and a unifying thermodynamic framework is envi-

sioned. Materials systems in which such nanoscale interfacial

films have been found or predicted are summarized in Table 1.
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FIG. 7. Representative impurity-based, nanoscale, disordered, interfacial films in multicomponent inorganic materials. HRTEM

images are reprinted from Refs. 9, 12, 14, 72, 219 with permissions from The American Ceramic Society, American Institute of

Physics, and Elsevier.

3.2 Intergranular Films in Ceramics

Ceramic systems where nanometer-thick IGFs have

been observed at GBs include: Si3N4,
68−105, SiC,92,108−117

SiAlON,149,150 Al2O3,
15,118,119,131–134 Pb2Ru2O7-based

thick-film resistors,120 TiO2,
121 ZrO2,122,135 high Tc

superconductors,123 AlN,106,107 synroc,124 mullite,125

BaTiO3,
126–128,130 ZnO,16–18,136 and SrTiO3,

128,129 in which

IGFs always contain a significant amount of additives and

impurities. IGFs have also been observed at the heterophase

interfaces in Si3N4-Yb2SiO5,
85 ZnO-Bi2O3,

16 TiO2-SiO2,
14

Al2O3-TiN,137 and BN-SiC.138 Among these systems, IGFs in

ZnO-Bi2O3
16,17 and SrTiO3-TiO2

128,129 (the primary phases

are underlined), where silicate additive is not involved, and

in Al2O3-(CaO+SiO2)118,132–134 where SiO2 is present but

partitions into the liquid pockets instead of into the films, are

particularly interesting from a theoretical point of view because

these IGFs are not based on polymeric oxides.2,5 A recently

published overview article provides a comprehensive summary

of the observations, experimental techniques, models, and

outstanding issues in the field for a “non-specialist audience.”1

In two important papers, Cannon et al. critically assessed the

behaviors of IGFs in ten systems.2,5 Key observations of the

stability and character of these IGFs in ceramics are reviewed

in this section.

3.2.1 Equilibrium Thickness

Perhaps the most important and interesting characteristic

of these IGFs is their constant thickness on the order of one

nanometer. In Si3N4-based ceramics, the film thickness is nearly

constant along a given GB, and varies little from one GB to

another for high-angle, random GBs in a given sample. A sta-

tistical study72 revealed a narrow, Gaussian-like, distribution of

film thickness in Si3N4 ceramics, where the measured standard

deviations are on the order of 0.1 nm, approximately one-tenth

of the corresponding mean values. In addition, the mean thick-

nesses measured for different specimens that have been prepared

under the same conditions (including those reported by differ-

ent researchers) are virtually identical. For example, Figure 8a

represents three sets of film thickness measurements reported in

the literature, which fall well within the range of experimental

errors.75,78,88

The film thickness is independent of the fraction of excess

secondary phase as long as the chemical potentials are kept the

same. For example, the reported IGF thickness in high-purity

Si3N4-SiO2 materials stays at 1.0 ± 0.1 nm for specimens con-

taining from ∼4 to ∼16 vol% secondary amorphous SiO2 phase

(in the Si3N4 and amorphous SiO2 two-phase coexistence re-

gion), but the thickness is thinner for a specimen containing

only nominal 0.55 vol% SiO2(which may be within the single-

phase region with lower oxygen activity).2,74,75,78,88,151 As an-

other neat example, the measured mean thicknesses of IGFs in

polycrystalline Si3N4 containing 5–12 vol% liquid and IGFs

between Si3N4 particles that are dilutely suspended in a large

amount of liquid/glass are identical within the range of exper-

imental errors in two sets of specimens containing Y2O3 plus

four lanthanide oxide dopants (Figure 8b).79
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TABLE 1

Summary of material systems exhibiting nanoscale interfacial films

Material Systems (Notes)

Premelting (unary systems) Surface Ice20,21

Metals, e.g., Pb34,35,233

Adsorbed Ar films32

GB Colloidal crystals48

Ice (mainly predictions)46

Hetero-interface Pd at Pd-Al interface50

Ice at ice-SiO2 interface49

Prewetting (binary de-mixed

liquids or adsorption on inert

walls)

Surface Organic systems29,51,52

Liquid metals, e.g., Pd-Ga53,54

Adsorption of vapor on chemically-inert walls29,57

Frustrated-complete wetting E.g., alkanes on water61

IGFs in multicomponent ceramics GB Silicate-based IGFs:

Primary materials: Si3N4,
69–72,74−91,93−97,99,101,105

SiC,92,109–112,115–117 SiAlON,149,150 Al2,O3
15,131

Pb2Ru2O7-based thick-film resistors,120 TiO2,
121 ZrO2,

122,135

BaTiO3,
126−128,130 high Tc superconductor,123 AlN,106,107

synroc,124 and mullite125

Dopants: SiO2 + other additives or impurities

IGFs free of SiO2: SrTiO3-TiO2
128,129 and ZnO-Bi2O3

16–18

Al2O3-(CaO+SiO2) (Si/Ca partition is lower in IGFs than that in

the liquid pockets; thus IGFs are not silicate-based.)118,132–134

Hetero-interface Si3N4-Yb2SiO5,
85 Al2O3-TiN137 and BN-SiC138

ZnO-Bi2O3
16 and TiO2-SiO2

14 (no other impurity; T < Teutectic)

Silicate-based IGFs at

metal-ceramic interfaces

Al2O3-Cu,140,141 Al2O3-Ni,140 Si3N4-Al,145 and Al2O3-Au144

SAFs Bi2O3 on ZnO (systematically characterized)6–11

Bi2O3 on Fe2O3 and WO3 on TiO2(T <Teutectic; repulsive

dispersion forces)6,8

MoO3 on Al2O3
6,10 and V2O5 on TiO2(supported oxide

catalysts)147,185–187

SixOy on Si146

SAFs on nanowires and nanoparticles grown from vapor phase or

solution 189–192,265

IGFs in multicomponent metals GB Cu-Bi (discontinuities and anomalies in GB diffusivities, energies

and other macroscopic properties; AES: ∼2-monolayer-thick

Bi at GBs) 59,194,197–202

Fe-(Si, Zn) (abnormal GB diffusion) 204–207

Al-Ga (abnormal GB mobility; liquid metal embrittlement

experiments) 194,214

WC-Co (∼ 1-nm-thick Co layer observed at ∼1/3 of GBs in

liquid-phase sintered WC-Co)211

Mo-Ni (∼2-nm-thick ordered δ-MoNi compound layer observed

in activated sintered Mo-Ni)210

Ni-Bi and Cu-Bi (nanometer-thick Bi films formed during GB

liquid metal penetration/embrittlement experiments)203,212,213

W-Ni (disordered IGFs identified by HRTEM + AES)12,13

Hetero-interface Cu-Ta (not solid-state amorphization)219

Ice-impurity systems Surface, GB, hetero-interfaces Premelting layers in ice are stabilized and thickened by minor

ionic impurities, e.g., NaCl (controlled by long-range

dispersion forces + electrical double-layer forces)46,148
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FIG. 8. (a) IGF thickness, GB Ca excess, and the average Ca concentration in IGFs versus the overall (nominal) Ca content in

high-purity Si3N4-SiO2 specimens with controlled Ca doping. (b) Thickness of IGFs in two sets of Si3N4 specimens involving an

R-Si-Al-O-N (R = Y, Yb, Gd, Nd, and La) glass: IGFs in polycrystalline Si3N4 with a small fraction liquid/glass phase versus

IGFs between Si3N4 particles embedded in a large amount of liquid/glass. Panel (a) is re-plotted from the data in Refs. 75, 78, 88

and panel (b) is reprinted from Ref. 79 with permission from Elsevier.

The film thickness depends on chemical potentials, tem-

perature, and other intensive variables of the equilibrated

system. Kleebe et al. showed a systematic dependence of IGF

thickness on secondary phase chemistry for Si3N4 with various

sintering aids.85 A systematic variation in film thickness (as

well as GB excess and average film concentration) with overall

CaO content was revealed for high-purity Si3N4-SiO2-CaO

specimens (Figure 8a).75,78,88 In Si3N4 that sintered with

rare-earth oxides, the IGF thickness appears to scale with the

ionic radius of the rare-earth elements (Figure 8b).79 Chemistry

effects on film thickness were also observed in Pb2Ru2O7-

based thick-film resistors, where the film thickness increases

from 0.8–1.1 nm to 1.2–1.6 nm upon adding 8.44% TiO120
2.

Dependences of film thickness on processing/annealing

temperature86,101 and capillary pressures17 were also

evident.

In summary, the thickness of these nanometer-thick IGFs in

ceramics

• is nearly constant along a given GB and varies little

from one GB to another for high-angle, random GBs

in a given specimen;
• is (virtually) identical for different specimens prepared

under the same conditions;
• is independent of the fraction of excess secondary phase

(but depends on the nature of the secondary phase, e.g.,

devitrification will affect IGF thickness, because of an

associated change in chemical potentials);

• can be altered by changing bulk chemical potentials or

the firing temperature; and
• decreases with increasing capillary pressure.

Therefore, these IGFs in ceramics appear to have an equilibrium

thickness.

3.2.2 Film Energy and Stability

Historically, IGFs were believed to be kinetically limited

remnants of processing. However, such films exist after long

annealing and extensive grain growth. Thus, they likely repre-

sent equilibrium or near-equilibrium interfacial configurations.

Additionally, dihedral angles are found to be nonzero where

IGFs interact with glass or liquid pockets at triple-grain or four-

grain junctions,1,2,5 indicating that the excess free energy of an

IGF (γIGF) is lower than the sum of two crystal-liquid (or crystal-

glass) interfacial energies (2γcl). If γcl is isotropic, the following

relation can be derived:

γIGF = 2γcl cos
φ

2
[11]

or

�γ ∗ ≡ 2γcl − γIGF = 2γcl ·
(

1 − cos
φ

2

)

=
∫ +∞

h(eq.)

(

∑

i

	i (h)

)

dh > 0. [12]

Theoretically, �γ ∗ should be equal to an integral of the sum

of all interfacial pressures (§4.3 and §4.4) from the equilibrium

thickness (heq ) to infinity.
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FIG. 9. Schematic illustration of a model experiment demonstrating that subeutectic IGFs represent a thermodynamic equilibrium

GB configuration in Bi2O3-doped ZnO.16,17

The equilibrium thickness of IGFs can represent either a

global or metastable minimum in excess film free energy.14,121

In a model experiment using SiO2-doped TiO2, equilibration has

been approached from two directions.121 Nanometer-thick IGFs

form in the specimen where TiO2 particles are pre-coated with

SiO2 but not in the specimen where TiO2 grains are initially

in contact. This result was explained in terms of primary and

metastable minima in film energy versus thickness, where IGFs

may represent a metastable equilibration for this system. In other

systems, IGFs appear to represent true thermodynamic equi-

librium configurations. For example, IGFs in Pb2Ru2O7-based

thick-film resistors likely represent a global energy minimum

because the observed increasing electrical conductivity during

heating suggests that additional IGFs form at initially touch-

ing particles.5,120 Furthermore, a model experiment showed that

IGFs form at true thermodynamic equilibria at GBs in Bi2O3-

doped ZnO (Figure 9),16,17 which are discussed further in §3.2.3.

If an IGF forms at a thermodynamic equilibrium, γIGF represents

the equilibriumγgb.

3.2.3 Subsolidus Films

Disordered (quasi-liquid) IGFs have been found to form at

subsolidus (subeutectic or undersaturation) conditions at het-

erophase interfaces in SiO2-TiO14
2 and Bi2O3-ZnO,16,17 and GBs

in Bi2O3-doped ZnO16,17 and (Y2O3+ SiO2)-doped Al2O3,15

when the bulk liquid phase is no longer stable. In a model ex-

periment, a highly pure silica film was deposited on a single

crystal of rutile. A film of a constant thickness of ∼1.5 nm re-

tained at the heterophase interface of SiO2-TiO2 after annealing

this assembly below the bulk eutectic temperature. This config-

uration is free of kinetic limitations to complete crystallization,

thereby showing unequivocally that the amorphous film is not a

kinetically limited remnant. This IGF at the SiO2-TiO2 hetero-

interface likely represents a true thermodynamic equilibrium.

In another model experiment (Figure 9),16,17 the formation of

IGFs in Bi2O3-doped ZnO was completely suppressed upon the

application of a hydrostatic pressure of ∼1 GPa (presumably be-

cause the molar volume of Bi is higher in IGFs than in crystalline

phases). After re-annealing the pressure-desegregated samples

in solid-state, IGFs are restored at virtually all GBs. It was then

concluded that amorphous films are an energetically favored

interfacial configuration, even below the bulk eutectic temper-

ature. In this system, nanometer-thick IGFs also persist above

the bulk eutectic temperature (740◦C) into the solid–liquid co-

existence regime (where dihedral angles remain nonzero) until

complete wetting occurs at ∼950◦C.

Subeutectic IGFs have also been observed at Bi2O3-ZnO

hetero-interfaces. Furthermore, disordered IGFs have been ob-

served to form at undersaturation conditions (in the single-phase

region containing dopant concentrations below the bulk solid-

solubility limit) in Bi2O3-doped ZnO16,17 and (Y2O3+ SiO2)-

doped Al2O3.
15 The stabilization of IGFs at subeutectic and un-

dersaturation conditions are presumably driven by the reduction

of interfacial energies (Figure 4), where an analogy can be made

to the phenomena of premelting and/or prewetting.

3.2.4 Complete Wetting and Drying

If IGFs are considered as multilayer adsorbates in a prewet-

ting region, a complete wetting transition may occur at a higher

temperature. Cannon et al. assessed a few systems where IGFs

have been observed to form and complete GB wetting transi-

tions appeared to occur at higher temperatures.2,5 Penetration of

Bi2O3-ZnO liquid (pre-equilibrated with ZnO) into ZnO GBs

have been observed at ∼950◦C.2,152 In addition, earlier studies

of quenched samples of less pure ZnO-Bi2O3
153 and SrTiO3-

TiO2
154 revealed wetting transitions at about 1150◦C and 1450

◦C, respectively, and the wetting temperatures depends on the

presence of other impurities. Cannon et al. also emphasized that

cautious interpretation of the results of disruptive penetration of

GBs is needed because transient, non-equilibrium wetting may

occur.2

On the other hand, IGFs may vanish or fully crystallize at a

lower “drying” temperature. In a SiC material with Al + B + C

sintering additives, 1–2 nm-thick IGFs have been found to form

at virtually all GBs after sintering above 1900◦C. After long

annealing at 1200–1400 ◦C, most GBs become ordered where

IGFs vanish, but they still contain a significant amount of Al and

O segregation.115,155 Furthermore, the amorphous-to-crystalline

transformation for IGFs in SiC has been observed directly by

hot-stage HRTEM, where crystallization of IGFs was found

to start from nucleation and local growth of short-range order

structure.116 Somewhat similarly, a study found that GBs in some
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cooled (Y2O3+ SiO2)-doped ZrO2 samples are ordered but have

significant Y and Si segregation.156,157 Cannon et al. pointed out

that this could be an indication that IGFs formed at high tem-

peratures but crystallized during cooling.2 Recently, evidence

for formation and dewetting of IGFs in (Y2O3+ SiO2)-doped

ZrO2 has been found by analyzing samples with different cool-

ing rates.135 In both cases, the segregation of the ordered GBs

might be metastable, and diffusion into the secondary phases

would occur if kinetic conditions permit.2 On the other hand,

equilibrium Langmuir-McLean type submonolayer segregation

can certainly persist below the drying temperature where IGFs

have vanished.

3.2.5 Distinct Film Composition and Structure

The average film compositions can be obtained by combin-

ing the GB solute excesses measured by a scanning transmission

electron microscopy (STEM) area scanning method158 and the

film thickness measured by HRTEM. Alternatively, IGF com-

positions can be measured by electron energy-loss spectroscopy

(EELS) and, particularly, via analysis of electron energy-loss

near-edge structures (ELNES).74 Using these methods, IGF

compositions have been found to be distinctly different from

those of the coexisting bulk secondary glass/liquid phases in a

growing number of materials (see Cannon et al.2,5 and references

therein). For example, in high-purity Si3N4-SiO2 specimens,

the N/O ratio was measured to be ∼0.7 by the STEM/HRTEM

method and ∼0.5 by an ELNES analysis. These IGF composi-

tions are within the bulk miscibility gap (Figure 10a); the maxi-

mum N/O ratio in bulk SiO2 liquid/glass phase is only 1–4% at

firing temperatures.159 In another example, IGFs in Bi2O3-doped

FIG. 10. Schematic illustrations of measured compositions of IGFs and SAFs in the phase regions of the corresponding bulk

phase diagrams. The measured film compositions are markedly different from the associated bulk liquid phases (within the bulk

miscibility gap in (a)). Panel (a) is a courtesy of R. M. Cannon. Panel (b) is reprinted from Ref. 10 with permission from Elsevier.

ZnO are distinctly more enriched in ZnO than the associated bulk

liquid phases (Figure 10b).16,17

In a critical assessment, Cannon et al. summarized a few other

systems where experiments found that the average composition

of IGFs is different from that of the bulk glass/liquid phase,

including: Ti concentration in Pb2RuO7+ (Ti-Pb-Al-silicate);

Ca/O and N/(N+O) ratios in Si3N4 + (SiO2-CaO); R/Si ratio

in Si3N4+ (Si-Al-Re-O) where R = Y, Yb, Gd, Nd, and La; Ca/Si

ratio in Al2O3 + (SiO2-CaO); Ti concentration in SrTiO3+
(TiO2-FeO); and Al concentration in SiC + (Al-B-C-O) (See

Cannon et al.2,5 and references therein). Furthermore, Gu et al.

carefully mapped the Ca/O and N/(N+O) ratios in IGFs and liq-

uid pockets in Si3N4+ (SiO2-CaO) specimens, showing constant

(average) film composition along IGFs (which is significantly

different from that of the liquid phase) and diffuse character at

the tips of the liquid pockets and grain–liquid interfaces.69,75

The atomic structure of IGFs is also expected to be different

from that of bulk liquid or glass phase. Although IGFs appear to

be largely disordered in HRTEM, the existence of partial order

has been suggested by molecular dynamics simulations160–164

and diffuse-interface models.44,165–167 In this regard, IGFs can

be viewed as “confined liquid films” where the abutting grains

impose some partial order into the films. Structural order in

liquids induced by interfaces with crystals has been recently

reviewed.168 The ordered segregation structures of rare-earth

elements in IGFs in Si3N4-SiO2 have been confirmed experi-

mentally using (aberration-corrected) high-angle annular dark-

field (HAADF) STEM.80,81,83,84 A recent assessment showed

that the results of interfacial structures in Si3N4-based ceramics

sintered with six different lanthanide oxides (La2O3, Sm2O3,
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Er2O3, Gd2O3, Yb2O3, and Lu2O3) obtained by three indepen-

dent research groups at Lawrence Berkeley National Laboratory,

Oak ridge National Laboratory, and Oxford University exhibit

good reproducibility.169 Short-range order has also been detected

in IGFs at SiC GBs by autocorrelation processing of HRTEM

images.116

On the other hand, IGFs are not fully ordered films. The

two abutting grains impose different order to the film, leading

to frustration of ordering at the middle of the films. Through-

thickness gradients in composition and structures are also ex-

pected from molecular dynamics simulations160–164 and diffuse-

interface models.44,121,165–167,170

Significant recent progress has been made by combining

HAADF-STEM with first-principle quantum-mechanical cal-

culations to understand the structures of IGFs (or grain-glass

interfaces171) in Si3N4 based ceramics (e.g., partial order in

IGFs) and to further relate them to processing and mechanical

properties.83,172 Recently, several other advanced TEM-based

techniques (e.g., special electron diffraction techniques, mea-

surement of electrostatic potential profiles, numerical nanod-

iffraction, ELNES) have been developed/used to characterize

the structure and chemistry of IGFs.173–177

3.2.6 Influence of Boundary Crystallography

Dependence of IGF thickness and composition on the bound-

ary crystallography deserves further discussion. In general IGFs

do not form at small-angle or special-orientation GBs because

these GBs have low excess free energy, which makes them sta-

ble against forming disordered IGFs.1,5 At least in Si3N4, the

equilibrium thickness showed little dependence on the boundary

crystallography for large-angle, random GBs. This observation

appears to be consistent with molecular dynamics simulations,

which suggested that the random GBs exhibit universal charac-

FIG. 11. (a) HRTEM image, (b) STEM bright-field image, (c) Zn map, and (d) Bi map demonstrating the anisotropic SAF formation

in Bi2O3-doped ZnO. Adapted from Ref. 8 with permission from Elsevier.

teristics in disordering when the misorientation is significantly

great.38

On the other hand, some influences of the boundary crystal-

lography on the equilibrium thickness are predicted by diffuse-

interface models.44,167 Because the standard deviations of IGF

thicknesses are typically about 10% of the mean values in Si3N4-

based materials, 95% confidence intervals represent as much as

40% variation.1,72 The variations are even greater in other ma-

terials. The extent to which crystallographic anisotropy leads

to observed GB-to-GB variation is an open question.5 Gu and

co-workers recent reported several studies showing that the GB

crystallography can have measurable influence on IGF thickness

and composition.131,178,179

3.3 Surficial Amorphous Films

Free-surface counterparts to equilibrium-thickness IGFs have

been observed in several binary oxide systems.6–11 These films

are termed surficial amorphous films or SAFs despite indications

of some local or partial order existing within them (Figure 11a).

Key observations are reviewed in this section.

3.3.1 Bi2O3-Enriched Surficial Films on ZnO

Among all oxide systems studied, the Bi2O3-doped ZnO sys-

tem has been the most extensively characterized. The observed

SAFs in ZnO-Bi2O3 form preferentially on the {112̄0} surfaces

(Figure 11) and the anisotropic film formation has been at-

tributed to induced order between the ZnO {112̄0} surface and

bismuth oxide structural units that constitute the film.8

SAFs with similar character were observed in Bi2O3-

saturated samples equilibrated above and below the bulk eutectic

temperature and in single-phase samples containing concentra-

tions of Bi2O3 below the bulk solid-solubility limits.6–8,10 The

experimental observations are summarized in Figure 12. In the
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FIG. 12. (a) Schematic illustration of observed Bi2O3-enriched SAFs on ZnO {112̄0} surfaces in the phase regions of the binary

ZnO-Bi2O3 bulk phase diagram. (b) Lines of constant film thickness are plotted in the same phase diagram. (c) Reversible

dependence of average thicknesses on temperature for Bi2O3-saturated samples. A complete wetting transition is expected from

the simple prewetting model but has not been observed yet. Adapted from Ref. 9 with permission from Elsevier.

solid–liquid coexistence regime, nanometer-thick SAFs are in

equilibrium with partial-wetting (non-wetting) liquid drops. A

second class of thicker SAFs co-existing with nano-droplets was

also observed and explained (Figure 6b).10

These surficial films have a nearly constant thickness at a

fixed temperature and chemical potential. Once an equilibrium

state has been reached, variations in additional annealing time

and the amount of excess bulk secondary phase have no dis-

cernible influence on the average film thickness. It was there-

fore concluded that these SAFs have equilibrium thicknesses.7,8

The equilibrium thickness exhibits a reversible dependence on

temperature.8,10 The film thickness, corresponding to the Gibb-

sian excess of solute, decreases monotonically with decreasing

temperature in the subeutectic regime and vanishes at a lower

drying temperature (Figure 12b). The surficial films are thin-

ner in unsaturated specimens containing lower concentrations

of Bi2O3 below the bulk solid-solubility limit.

A complete wetting transition is expected to occur at a higher

temperature from a simple coupled surface prewetting and pre-

melting model.9 However, recent measurements of contact an-

gle versus temperature show that complete wetting may be

restrained by the presence of an attractive dispersion force of

significant strength.180 The measured contact angle decreases

linearly with increasing temperature from 740 to 880◦C but lev-

els at about 5 degrees above ∼880◦C, although a complete wet-

ting would be expected at ∼970◦C from an extrapolation of the

linear regime. The formation of ridges at triple lines181–183 have

been revealed and may be another reason that spreading stops.

Like IGFs in the same system,17 the nanoscale SAFs are

markedly enriched in ZnO, as compared with the equilibrium

liquid compositions (Figure 10b). The average measured com-

position of the film formed at 780◦C is ∼18 mole % Bi2O3,

whereas the near-eutectic equilibrium bulk liquid contains ∼83

mole% Bi2O3 at the same temperature.8

3.3.2 Systems with Repulsive Dispersion Forces

In the original theory for IGF stability,3,4 the existence of

attractive London dispersion interactions184 was considered es-

sential for the interfacial films to have an equilibrium thickness.

However, other attractive interfacial interactions may exist; in

particular, attractive pressures resulting from a volumetric free-

energy term (§4.4.1) can become significant at subeutectic and

undersaturation conditions.8 It is therefore hypothesized that

thin interfacial films may exhibit an equilibrium thickness with-

out an attractive dispersion force. Unlike IGFs of symmetrical

configurations where the London dispersion interaction is al-

ways attractive, dispersion interaction can be either attractive or

repulsive for surficial films, providing a possibility to critically

test this hypothesis.

Nanometer-thick SAFs have been observed in several oxide

systems with negative Hamaker constants, including Bi2O3 on

Fe2O3 (A123 ≈ −29 zJ) and WO3 on TiO2(A123 ≈ -105 zJ),

where the London dispersion forces/pressures are repulsive and

act to thicken the films. SAFs in these two systems have been

found to form at subeutectic conditions8: ∼0.9 nm thick SAFs

formed in Bi2O3-saturated Fe2O3 at 800◦C (Teutectic = 960 ◦C

for the Bi2O3-Fe2O3binary system) and ∼0.66 nm thick SAFs

formed in WO3-saturated TiO2 at 1100◦C (Teutectic = 1233◦C

for the WO3-TiO2binary system). Representative HRTEM im-

ages are shown in Figures 13a and 13b. Additionally, the disper-

sion forces are also likely to be repulsive for the IGFs that have
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FIG. 13. HRTEM images of SAFs in several binary oxide systems. (a) and (b) are subeutectic SAFs in systems with repulsive

London dispersion forces.8 (c) and (d) are supported oxide catalyst systems.10,147 Images (a)–(c) were adapted from Refs. 8, 10

with permission from Elsevier and the American Chemical Society.

been observed at heterophase interfaces in Si3N4-Yb2SiO5,
85

ZnO-Bi2O3,
16 TiO2-SiO2,

14 Al2O3-TiN,137 and BN-SiC,138 al-

though quantification of Hamaker constants is difficult for these

systems.

3.3.3 Other Systems

The formation of nanoscale surficial films has been observed

in two important supported oxide catalyst systems: MoO3 on

Al2O3 (Figure 13c)10 and V2O5 on TiO2(Figure 13d).147,185–187

They are generally known as “monolayer catalysts” because the

classical theories assumed the formation of monolayer adsorp-

tion of catalytic species (MoO3 or V2O5) on support surfaces.188

However, there is evidence showing that disordered, nanometer-

thick (multilayer) adsorbates form under certain conditions. Fur-

ther investigation using HRTEM is in progress.147

Stable, nanoscale, amorphous SiOx films have also been ob-

served to form on Si under controlled ultra-low oxygen par-

tial pressures.146 Amorphous films of ∼1 nm thick have also

been found to form on the surfaces of various nanoparticles or

nanowires grown from vapor phases or aqueous solutions.189–193

These SAFs likely form at non-equilibrium conditions. Unfortu-

nately, no systematic investigation has been conducted to reveal

their formation mechanism and thermodynamic stability.

3.4 Disordered Interfacial Films in Multicomponent
Metals

3.4.1 Grain Boundary Premelting/Prewetting Transitions in

Cu-Bi and Fe-Si-Zn

Although nanometer-thick disordered GB films in met-

als (i.e., metallic IGFs) have not been widely found by di-

rect HRTEM studies, GB structural transitions were indicated

by measured discontinuities or abnormalities in macroscopic

properties such as GB diffusivities194,195 and GB energies196

and Auger electron spectroscopy (AES) analysis of fractured

GBs.59,197 To date, the most systematic experiments have been

conducted for Cu-Bi and Fe-Si-Zn systems.

The Cu-Bi binary system has been studied

extensively,59,194,197–202 and the key findings are summa-

rized here. A complete GB wetting transition has been observed

in the solid–liquid co-existence region, and the specific wetting

transition temperature depends on boundary crystallography.

The maximum and minimum complete wetting tie-lines

are labeled in Figure 14a,194 but a lower wetting transition

temperature was suggested by another study.203 Temperature-

and chemical potential-dependent GB segregation has been

carefully measured in the single-phase region. A prewetting

transition occurs, giving rise to the formation of ∼2 monolayer-

thick Bi films at GBs (estimated from AES), and the formation

of these GB films results in two orders of magnitude increase

in GB diffusivity.200 Abrupt changes in GB segregation across

a “GB solidus line” (i.e., prewetting line) have been observed.

Furthermore, measurements of GB thermal grooving profile

indicate that the abrupt change of segregation coincides with

the discontinuity of the first derivative in the GB energy versus

temperature.196 These results clearly suggest the occurrence

of first-order prewetting transitions. GB prewetting transition

lines have been incorporated into the binary bulk phase diagram

(Figure 14a), where the specific prewetting lines depend on

boundary crystallography. The formation of GB quasi-liquid

layers leads to increased brittleness and to measurable changes

in electrical conductivity.

Premelting/prewetting transitions have also been revealed in

the Fe-Si-Zn system by measuring Zn GB diffusivity along tilt

GBs in bi-crystals in three Fe-Si alloys with 5, 10, and 12 at.

% of Si. 194,204–207 Two distinct regions have been found in the

penetration profiles of Zn along GBs: one abnormal region with

high Zn concentrations and a low slope (high diffusivity) versus

an ordinary region with low Zn concentrations and a high slope

(low diffusivity). The diffusivity in the first (abnormal) region is

about two orders of magnitude higher than that in the second (or-

dinary) region. The abnormal region with high Zn concentration

and diffusivity was assumed to be the region where quasi-liquid

IGFs develop. Additionally, the transition between the two re-

gions occurs at a definite Zn concentration (denoted as CBt in

the authors’ original papers), which appears to be an equilibrium

characteristic parameter of GBs. Furthermore, CBt was found to

depend on the temperature and applied pressure. Because the
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FIG. 14. (a) The GB prewetting/premelting phase diagram for Cu-Bi. Dashed lines 1–3 are prewetting lines for different GBs,

and Twmax and Twmin are the maximum and minimum complete wetting temperatures (due to variation in crystallography among

individual GBs). (b)–(d) are bulk and GB phase diagrams of Fe-Si-Zn ternary systems. Dashed lines represent first-order GB

premelting/prewetting transitions in the single-phase region or complete wetting transition in the two-phase region. In (c) and (d),

premelting/prewetting transition lines terminate at GB critical points. Reprinted from Ref. 194 and Ref. 204 with permission from

Springer and Elsevier.

concentrations were measured by an electron microprobe with

a relatively low spatial resolution, CBt represents the concen-

tration of the bulk phase in equilibrium with two types of GBs

(instead of the concentration at the GB). In other words, CBt

represents the bulk concentration at which the high and low GB

adsorption structures coexist, that is, the bulk concentration that

gives a first-order GB premelting/prewetting transition. Con-

sequently, GB phase diagrams have been constructed (Figures

14b–14d).

Furthermore, GB critical points have been observed for two

cases (Figures 14c and 14d), where CBt can no longer be clearly

defined because the penetration profiles of Zn become diffuse.

Above the critical point, the prewetting/premelting transition

should be continuous (second-order). Singularities in the pre-

melting/prewetting transition lines below the peritectic temper-

atures were explained from superlattice ordering and ferromag-

netic transitions in the bulk phases. At the peritectic temperature,

the solubility of Zn in the Fe-Si alloy increases, but the premelt-

ing/prewetting concentration decreases (Figures 14b and 14c),

which are rather surprising observations. Complete GB wetting

has been observed in the two-phase regions above and below the

bulk peritectic temperatures, and a complete wetting transition

has also been reported for one case (Figure 14d). It is somewhat

unclear whether GBs were wetted by the solid Ŵ phase or a

metastable liquid phase below the bulk peritectic temperatures.

3.4.2 Direct Observation of Disordered Intergranular

Films in W-Ni

A recent study12,13,208 chose Ni-doped W as the model metal-

lic system to obtain direct HRTEM evidence for the existence

of nanometer-thick disordered IGFs in metals. Figure 15 shows

HRTEM images of a representative GB in a W + 1 at. % Ni

specimen sintered at 95◦C below the bulk eutectic temperature.

W lattice fringes are not contiguous at the GB and an ∼0.6

nm-thick intergranular film is identified. Despite indications of

some local order existing within the film, the IGF is not fully

crystallized. Furthermore, these IGFs cannot be the crystalline

Ni phase, because complete solid-state GB wetting does not oc-

cur in W-Ni at 1400◦C; the dihedral angle was found to be as

great as 70◦ where the Ni-rich secondary phase meets a GB

(at four-grain junctions).13,208 AES analysis on fractured GBs

with Ar sputtering has confirmed that these nanoscale IGFs are

Ni-enriched.

These Ni-enriched IGFs likely have become more or-

dered during cooling. The fact that these IGFs appear to

be largely disordered in cooled specimens implies that GB

cores must be even more disordered and perhaps wider at

firing temperatures. These disordered, Ni-enriched, IGFs ex-

ist in a true solid-state equilibrium. Only two stable bulk

phases (solid (Ni) and W) are present between 1060◦C and

1455◦C (inset in Figure 15a), excluding the possibility of
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FIG. 15. (a) Original and (b) digitally enhanced HRTEM images of a disordered IGF in a W + 1 at. % Ni specimen annealed at

1400◦C. The inset in (a) is the W-Ni phase diagram, in which the specimen conditions are indicated. Reprinted from Ref. 12 with

permission from American Institute of Physics.

solid-state amorphization209 or the formation of a transient

liquid.

A rough estimation showed that stabilization of this quasi-

liquid IGF is energetically-favored at an undercooling of 95◦C

if −�γ is greater than ∼10% of the tungsten GB energy.12

This observation was alternatively explained from a coupled

GB premelting and prewetting transition in binary metals or as

metallic counterparts of IGFs in ceramics.12,13,208

3.4.3 Other Systems and Related Phenomena

Nanometer-thick interfacial films have also been observed in

a few other cases where definite explanations or conclusions are

not available. For example, an ∼2-nm-thick ordered (δ-NiMo

compound) film has been observed at the GBs of activated sin-

tered Ni-doped Mo210 by HRTEM. It is unknown whether these

films were disordered at firing temperatures but have crystallized

during cooling. Because δ-NiMo is an equilibrium bulk phase

at the firing temperature, it is unclear whether these δ-NiMo

layers are complete wetting films (with supply-controlled thick-

ness) or equilibrium-thickness IGFs. In another case, nanometer-

thick IGFs have been found to be present at ∼1/3 of GBs in

liquid-phase sintered WC-Co composites (which are partially

metallic).211 In this study, the bulk Co liquid phase is present

during sintering, but the intergranular Co layers, which are pre-

sumably quasi-liquid, remain at ∼1 nm thick instead of becom-

ing macroscopically thick wetting films.

Recently, the formation of nanometer-thick IGFs has been

found to be important for the liquid metal embrittlement pro-

cess. At both Ni and Cu GBs, intergranular penetration of Bi

has been observed to occur in the form of nanometer-thick

IGFs of constant thickness, which formed between the re-

gions of the micrometer-thick liquid films and submonolayer

GB adsorption.203,212,213 Furthermore, without external stress,

nanometer-thick Bi IGFs form, in spite of apparent non-zero di-

hedral angles at the emerging GBs with thick liquid films.203 This

dynamic wetting configuration is closely analogous to the case

of equilibrium-thickness IGFs coexisting with partial-wetting

liquid pockets in ploycrystals. If the final equilibrium configu-

ration is complete wetting, these nanometer-thick IGFs of con-

stant thickness (formed during a dynamic penetration process)

should represent metastable GB configurations; this process is

analogous to the formation of precursor films during surface

spreading.64–66 The configuration used in these experiments is

similar to that used in the studies of Fe-Si-Zn (§3.4.1), except

that an applied or residual stress is sometimes (but not always)

present. Al-Ga is another model system for liquid metal embrit-

tlement studies in which the formation of nanometer-thick IGFs

is also considered critical.214 Prewetting transition was also sug-

gested for Al-Ga within the Al single-phase region, because the

GB mobility increases by a factor of 10 after the addition of 50

wt. ppm Ga (in contrast to the classical solute-drag model).194,215

Yet another related interfacial phenomenon is the formation

of nanoscale (instead of macroscopic) interfacial amorphous

films as a result of a special type of solid-state amorphization

driven by excess interfacial energies. Solid-state amorphization

refers to the phenomenon wherein a (bulk) amorphous phase

forms via interfacial reaction in the solid state when intermediate

compounds cannot nucleate.209 This phenomenon, as originally

defined, is a kinetically limited process, which is not directly

related to the quasi-liquid interfacial films discussed here. How-

ever, solid-state amorphization can occur in (A/B)n multilayer

structures where the free energy for mixing A and B is positive,

driven by the excess interfacial energies stored in such multilayer

structures.216 Furthermore, a thermodynamic model217 has been

proposed for solid-state amorphization of nanometer-thick in-

terfacial layers (occurring at hetero-interfaces or GBs) in binary

systems with positive mixing free energies, which are driven by

the reduction in the interfacial energies upon replacing a high-

energy crystal-to-crystal interface with two low-energy crystal-

to-glass interfaces; herein the underlying principles are identical

to those for stabilization of premelting/prewetting layers. For
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example, a recent study suggested that amorphous Si can “wet”

the Al GBs and the intergranular Si layer can maintain its amor-

phous state up to a thickness of ∼1.0 nm.218 Another related

observation is the formation of an amorphous layer up to 4-nm-

thick at the tetragonal-Ta/Cu hetero-interfaces during a thermal

annealing at 400◦C and 600◦C (Figure 7).219 In this case, exten-

sive intermixing has been observed in the Ta-Cu amorphous film

while bulk Ta and Cu liquids are almost completely immiscible.

After long annealing, the metastable tetragonal-Ta transformed

to the stable body-centered cubic phase, and this amorphous

layer disappeared at the same time.

Furthermore, the existence of GB prewetting layers in two-

component metals is suggested by grand-canonical Monte Carlo

simulations with embedded-atom potentials, which revealed that

the Ag segregation at Cu high-angle GBs leads to the formation

of thin quasi-liquid films.220 Additionally, Monte Carlo simu-

lations showed that layers of the disordered γ -phase develop

at anti-phase boundaries in the Ni-Al system.220 In both cases,

prewetting transitions have been observed.

In conclusion, analogous disordered interfacial structures to

IGFs in ceramics likely exist in metals and can become important

under certain conditions. IGFs in non-glass-forming metals may

exist in narrow undercooling and undersaturation ranges and are

more likely to dry/crystallize during cooling than their ceramic

counterparts. These are possible reasons that such nanoscale dis-

ordered interfacial films have not been widely found in metals.

3.5 Ice-Water-Impurity Systems

Recent studies using the DLVO theory indicated that the pres-

ence of minor ionic impurities, for example, NaCl, can stabi-

lize and significantly thicken the premelting layers in ice.46,148

Such impurity-based disordered films can form at ice surfaces,

GBs, and hetero-interfaces with chemically inert walls. These

are yet another class of impurity-based, quasi-liquid, interfa-

cial films in multicomponent materials (molecular substances),

wherein long-range dispersion and electrostatic forces domi-

nate. More details of this phenomenon can be found in several

recent articles46,148 and a review.21

Another interesting analogous situation is the nanometer-

thick confined water layers in swelling clays, which always

contain some ionic impurities.221–224 Such interfacial films

can exhibit self-selecting “stable” thickness. Furthermore, these

quasi-water films can form when the water vapor pressure is

below the saturation (analogous to prewetting) or when the tem-

perature is below the freezing point (analogous to premelting).

Recently, such systems have been used as an ideal environment

for studying confined 2-D liquids.223

4. THERMODYNAMIC STABILITY OF NANOSCALE
INTERFACIAL FILMS

4.1 Assessment: Basic Physical Principles

A generalized picture is envisioned from summarizing and

assessing the experimental observations discussed in §3 and crit-

ically comparing them with the existing theories for simpler

systems discussed in §2. For example, Figure 16 schematically

illustrates a possible sequence of interfacial adsorption and wet-

ting events with increasing temperature for binary systems with

eutectic reactions (e.g., ZnO-Bi2O3 or W-Ni) in the solid–solid

and solid–liquid two-phase regions (where primary phases are

saturated with dopants). Similarly, a sequence of three regions,

namely submonolayer/monolayer adsorption, nanoscale inter-

facial films/multilayer adsorption, and complete wetting, can

occur with increasing dopant activity. Additional complexity

comes from the possible occurrence/appearance of layering or

roughening transitions, incomplete or frustrated-complete melt-

ing/wetting, first-order or continuous adsorption/wetting tran-

sitions, and interfacial critical points, resulting in diversifying

interfacial behaviors. A critical assessment of the experimental

observations and existing theories was used to formulate the fol-

lowing basic physical principles and concepts for understanding

the stabilization of these nanoscale interfacial films in multicom-

ponent inorganic materials:

• These nanometer-thick interfacial films can be alterna-

tively understood to be:

• quasi-liquid layers that adopt an “equilib-

rium thickness” in response to a balance

among several attractive and repulsive interfa-

cial forces/pressures,1–5,7–10,119 or

• multilayer adsorbates with film compositions

and interfacial excesses set by the bulk chem-

ical potentials.2,5,9,10,165,225

• Stable nanoscale interfacial films represent a “prewet-

ting regime” of multilayer adsorption behavior at GBs

or surfaces2,5,9,165–167 intermediate to that of “com-

plete wetting” and “submonolayer/monolayer adsorp-

tion” (Figure 16; see §4.5.4 for further discussion re-

garding the definition of “prewetting regime”).

• As proposed by Cannon2,5 and supported by

Kikuchi and Cahn’s prior lattice-gas model,226

this interfacial prewetting/premelting regime is

characterized by increasing interfacial excesses

with increasing temperature, because adsorption

promotes interfacial disordering and creates new

adsorption sites (especially for GBs).

• The stabilization of quasi-liquid interfacial films at

subsolidus (e.g., undersaturation, subeutectic, subperi-

tectic) conditions wherein bulk liquid is no longer

stable7,8,12,14–18 can be conceived as if the reduction

in interfacial energies over compensates for the posi-

tive volumetric free energies for amorphization (Figure

4):

• An analogy to the theory of premelting in unary

systems can be made.

• In principle, nanoscale disordered interfacial

films can be stabilized in multicomponent
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FIG. 16. Schematic illustration of a sequence of adsorption and wetting events with increasing temperature in a two-component

material in the solid-solid and solid-liquid two-phase regions. Stable nanoscale interfacial films (multilayer adsorbates) form in

a “prewetting regime,” bounded by a drying/prewetting transition (h →∼ 0) and a complete wetting transition (h → +∞ and θ

or φ → 0). The stabilization of quasi-liquid interfacial films below the bulk eutectic temperature is analogous to the theory of

premelting. The coexistence of a nanoscale interfacial film and a partial-wetting liquid drop in the solid-liquid two-phase region is

analogous to the phenomenon of frustrate-complete wetting.

systems over wider ranges of undercooling (or

undersaturation) than the simple premelting in

unary materials, because interfacial disorder-

ing can be enhanced by concurrent segrega-

tion/adsorption (especially for GBs and other in-

ternal interfaces).

• These quasi-liquid interfacial films can be

understood from coupled GB167 or surface9

premelting and prewetting transitions; the pres-

ence of additional interfacial forces, for exam-

ple, long-range London dispersion forces, elec-

trical double-layer interactions (if ionic species

are involved), magnetic forces (e.g., in Fe-Si-

Zn), and strain energies, alters the film stability

regime and thickness.

• If an additional attractive interfacial force (e.g., a dis-

persion force of significant strength) is present to re-

strain the film from unlimited thickening at and above

the bulk eutectic temperature (or the bulk solidus line),

stable nanoscale interfacial films can persist into the

solid-liquid coexisting regime (Figures 12 and 16).

• Coexistence of a nanometer-thickness interfa-

cial film with a partial-wetting bulk liquid is

analogous to the phenomenon of frustrated-

complete wetting (§2.5; Figure 6).

• These nanometer-thickness interfacial films can also be

considered as confined liquids whose thermodynamic

and physical properties are significantly modified by

abutting crystals.
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• The films adopt an average composition that

minimizes their excess free energy, which dif-

fers (markedly) from that of the associated bulk

liquid or glass phase, even if these quasi-liquid

films are in equilibrium with the bulk liquid or

glass phase.

• The abutting crystals impose some partial order

into the films.

• Through-thickness structural and compositional

gradients exist.

• These equilibrium-thickness interfacial films can rep-

resent either a true thermodynamic equilibrium or var-

ious types of metastable equilibrations.

The following sections review and discuss the diffuse-interface

and force-balance models that utilize the above-mentioned phys-

ical principles and concepts to model the thermodynamic stabil-

ity of these nanoscale interfacial films in a unifying theoretical

framework.

4.2 Diffuse-Interface Theories

Surficial films in binary systems can be used as an example

to illustrate why diffuse interfaces form.10 The equilibrium film

composition for a nanoscale surficial film should derive from

a compromise: to minimize the volumetric free-energy penalty,

the composition is coerced towards the bulk liquid; to minimize

the interfacial transition energy, it approaches that of the bulk

substrate; to minimize the short-range excess energy associated

with a terminating surface, it approaches that of the surface of

the bulk liquid. Obviously, this can be better achieved by includ-

ing through-thickness compositional gradients in the film, but

then further energy penalties arise. Likewise, structural gradi-

ents exist. These volumetric and gradient free-energy terms of

structural and chemical origins are coupled and can be explicitly

described in the context of diffuse-interface theories.

In a seminal paper, Cahn25 analyzed prewetting and critical

point wetting in a binary liquid system exhibiting a miscibility

gap using a diffuse-interface model by finding the spatially-

varying concentration function c(x) that minimizes the excess

free energy per unit area of a flat surface:

σ x = �(cs) +
∫ ∞

0

[� f (c(x)) + κc · |∇c(x)|2]dx . [13]

x is the spatial parameter, perpendicular to the surface located

at x = 0. �(cs) is the excess short-range energy term associated

with the terminating surface, where cs is the concentration at

the terminating surface. � f (c) is the homogenous free-energy

density referred to equilibrium bulk phases. κc is a gradient en-

ergy coefficient. Minimization of Eq. 13 (as well as Eqs. 14–18

and Eq. 21) is a standard problem in calculus of variations; c(x)

(and other the spatially varying fields) is a solution of the corre-

sponding Euler equation with specific boundary conditions. De-

scription of the minimization procedure and Euler equations can

be found in any textbook of calculus of variations. A schematic

phase diagram of the system studied by Cahn is depicted in Fig-

ure 3c. The basic predications and experimental verifications of

Cahn’s critical point wetting model have been discussed in §2.3.

A diffuse-interface model can also be proposed for surface

premelting for one-component material systems with short-

range interactions (e.g., metals). In the simplest form, the spa-

tially varying crystallinity function, η(x), (η = 0 for liquid and

η = 1 for perfect crystal) near the surface can be found by min-

imizing the following excess free-energy functional:

σ x = �(ηs) +
∫ ∞

0

[� f (η(x)) + κη|∇η(x)|2]dx . [14]

�(ηs), �f(η) and κη have similar definitions as �(ηc), �f(c)

and κc, except that they are associated with the crystallinity

parameter (η). Eq. 14 is isomorphic to Eq. 13 by substituting

crystallinity η(x) for concentration c(x). (The corresponding ki-

netic equations are different since the concentration field is con-

servative, but the crystallinity field is non-conservative.) More

sophisticated and realistic surface premelting models have been

developed and systemically analyzed by Lipowsky in a contin-

uum approach.227–231

GB premelting is more complex than surface premelting

where the field of an orientation parameter, θ (x), should also

be considered. Based on the Kobayashi-Warren-Carter (KWC)

model,232 GB premelting was analyzed, where the excess GB

free energy functional is written as

σ x =
∫ +∞

−∞
[� f (η(x)) + κη|∇η(x)|2 + s · g(η) · |∇θ (x)|

+
β2

2
· |∇θ(x)|2]dx . [15]

The GB is located at x = 0. β, s, and g(η) are additional gra-

dient energy coefficients. The crystallinity η(x) and orientation

θ (x) fields can be found by minimizing Eq. 15 with boundary

conditions of θ (±∞) = ±θ0; η(±∞) = 1, where �θ = 2θ0

represents the misorientation. The above model has been ana-

lyzed numerically43 and analytically.44,45 The existence of con-

tinuous and first-order premelting transitions has been demon-

strated.

Stability of nanoscale quasi-liquid interfacial films in multi-

component systems can be understood from coupled interfacial

prewetting and premelting transitions.9,167 Before discussing

the specific diffuse-interface equations, some general concepts

and thoughts are illustrated in Figure 17. In binary systems,

the formation of nanoscale quasi-liquid interfacial films can be

understood as a result of combined interfacial disordering and

adsorption. A generic coupled prewetting and premelting inter-

facial phase diagram for a two-component solid–liquid system

is shown in Figure 17a. The same interfacial phase diagram

can be alternatively represented in the T -(µB − µ
(α/L)

B ) space

(Figure 17b) where µ
(α/L)

B is the chemical potential of the end
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FIG. 17. (a) The first generic prewetting/premelting interfacial phase diagram for a two-component solid-liquid system. The tie-

line for complete wetting transition in the solid-liquid coexistence region extends into the single-phase region as a prewetting

transition line. Cu-Bi likely belongs to this group. (b) Representation of the same interfacial phase diagram in the T -(µB − µ
(α/L)

B )

space. (c) The second generic interfacial phase diagram where the complete wetting transition temperature (for a metastable liquid)

is lower than the bulk eutectic temperature. W-Ni and Fe-Si-Zn likely belong to this group. (d) The third generic interfacial phase

diagram where the complete wetting is delayed by additional attractive interfacial forces. Most IGFs in ceramics may belong to

this group. In all figures, dashed lines represent first-order wetting or prewetting/premelting transitions.

member B on the solidus/liquidus line. If the end member A

premelts completely (thus the melting transition becomes con-

tinuous), the bulk melting point of A may be treated a “critical

point” for this solid-liquid system, where the difference between

the solid and liquid phases vanishes continuously. Thus, this sit-

uation is in an analogy to the generic prewetting phase diagram

shown in Figure 3d. If a first-order complete wetting transition

occurs in the solid-liquid coexistence region, the tie-line of the

complete wetting transition will extend into the single-phase

region as a first-order prewetting transition line (Figures 17a

and17b). However, it is still unknown whether this prewetting

line ends at a surface/GB critical point or at the premelting or

bulk melting point of the end member A (Figure 17a). Cu-Bi

likely belongs to this group. Figure 17c shows a second generic

interfacial phase diagram if the complete wetting temperature

(for a metastable liquid) is lower than the bulk eutectic (or peri-

tectic) temperature. In this case, nanoscale quasi-liquid interfa-

cial films are also stable in the subeutectic solid-solid two-phase
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region, bounded by a first-order prewetting transition at lower

temperature and a (continuous) complete wetting transition at

the eutectic temperature. W-Ni and Fe-Si-Zn likely belong to

this group. Finally, if an additional attractive interfacial force of

significant strength is present, the complete wetting transition

is delayed or even completely inhibited (Figures 16 and 17d).

Most IGFs in ceramics may belong to this group.

A rigorous analysis of coupled GB prewetting and premelt-

ing transitions in a binary alloy with an eutectic reaction was

originally given by Tang, Carter, and Cannon167 using a diffuse-

interface model based on the KWC theory.232 In their model, the

excess (film) energy functional for a 2-component GB is

σ x =
∫ +∞

−∞
[� f (η(x), c(x)) + κη|∇η(x)|2 + s · g(η) · |∇θ (x)|

+
β2

2
· |∇θ(x)|2 + κc · |∇c(x)|2]dx . [16]

The concentration c(x), crystallinity η(x), and orientation

θ (x) fields should be found by minimizing Eq. 16 with boundary

conditions of θ (±∞) = ±θ0; η(±∞) = 1; c(±∞) = cbulk.

Tang, Carter, and Cannon initially analyzed this model using a

graphical method and constructed a GB phase diagram that is

similar to Figure 17c. They concluded that first-order coupled

GB prewetting and premelting transitions can occur in subeutec-

tic and undersaturation regions, the prewetting/premelting line

terminates at a GB critical point in the single-phase region, and

the specific GB behavior depend on the misorientation.167 This

model, which does not consider the long-range forces, predicts

that the thickness of GB quasi-liquid film is divergent at the

bulk eutectic temperature, where a (continuous) complete wet-

ting transition occurs.

This simple coupled GB premelting and prewetting model

may apply (reasonably well) to metals where the short-range in-

teractions dominate (although dispersion forces still exist233,234).

For IGFs in ceramics, long-range London dispersion forces of

a significant strength and electrostatic interactions should be

added separately. Bishop, Carter, and Cannon165,166 recently

proposed and numerically analyzed a sophisticated diffuse-

interface model for IGFs in Si3N4-SiO2, which included the

effects of defects and electrostatic interactions; the dispersion

interaction still needs to be added separately.

A coupled surface prewetting and premelting diffuse-

interface model has also been proposed as a basis for under-

standing SAFs in ceramics,9,10 where the excess film energy

functional is expressed as

σ x = �(cs, ηs, θs) +
∫ ∞

0

[� f (η(x), c(x)) + κη · |∇η(x)|2

+κc · |∇c(x)|2 + s · g(η) · |∇θ (x)| +
β2

2
· |∇θ (x)|]dx .

[17]

Here, �(cs , ηs, θs) is a short-range energy term associated

with the terminating surface similar to that in Cahn’s critical

point wetting model (Eq. 13). It depends on the values of all

three parameters at the terminating surface (cs , ηs, θs), but one

parameter, for example, the concentration at the terminating sur-

face (cs), can dominate. The integral is the same as that in Eq. 16

for IGFs. However, the gradient in orientation (∇θ ) is less impor-

tant for SAFs than that in IGFs, where a “forced” �θ is imposed

by two boundary conditions, and thus may be neglected. Then,

for a fixed surface orientation, θ0, Eq. 17 can be simplified to:

σ x = �(cs, ηs, θ0) +
∫ ∞

0

[� f (η(x), c(x)) + κη · |∇η(x)|2

+κc · |∇c(x)|2]dx . [18]

The concentration c(x) and crystallinity η(x) fields should be

found by minimizing Eq. 18 with appropriate boundary condi-

tions and a specific surface term �(cs , ηs, θ0). A recent publica-

tion utilized this diffuse-interface model to analyze the surficial

film stability for a binary system exhibiting an eutectic reaction,

where surface phase diagrams similar to Figures 17c and17d

have been deduced.9 The predicted surface phase diagrams are

qualitatively consistent with experimental observations shown

in Figure 12 for Bi2O3-enriched SAFs on ZnO. Like IGFs, fur-

ther refinements of this model for SAFs in ceramic materials

should include the effects of dispersion forces, electrostatic in-

teractions, and perhaps strain energies.

The film-crystal interfaces in HRTEM images (e.g., Figures 7

and13) are nearly atomically abrupt, appearing to contradict the

“diffuse interface” hypothesis. A recent work9 used the diffuse-

interface theory to qualitatively explain the different sharpnesses

at the substrate(primary phase)-adsorbates interfaces that are

associated with two types of bulk phase diagrams: a binary liquid

with a miscibility gap (the system studied in Cahn’s critical

point wetting model) versus a binary liquid-solid system with a

deep eutectic reaction (e.g., ZnO-Bi2O3 and W-Ni). From Eq. 7

in Cahn’s original paper on the critical point wetting theory,25

the compositional gradient at the transition between the matrix

phase and adsorbates is

∣

∣

∣

∣

dc

dx

∣

∣

∣

∣

trans

=

√

�E

κc

, [19]

where �E is the height of the potential barrier between the

minimum energy states for the two immiscible liquids in the

free energy versus concentration. Because prewetting occurs at

temperatures close to the bulk critical point, �E is moderate

and results in rather diffuse interfaces between the adsorbates

and the matrix phase (Figure 18a). An extension of Eq . 19 for

binary solid-liquid systems has been deduced9:

√

κη ·
∣

∣

∣

∣

dη

dx

∣

∣

∣

∣

2

trans

+ κc ·
∣

∣

∣

∣

dc

dx

∣

∣

∣

∣

2

trans

=
√

�E . [20]

In the case of binary systems with deep eutectic reactions

(e.g., ZnO-Bi2O3 or W-Ni), the free energy barrier �E for the

structural transition is high and results in abrupt film-crystal
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FIG. 18. The diffuse versus abrupt substrate (primary phase)—adsorbate interfaces can be understood through different volumetric

free-energy functions associated with the bulk phase diagrams. Adapted from Ref. 9 with permission from Elsevier.

transition (Figure 18b), consistent with the experimental obser-

vations (e.g., Figure 13).

Because the crystal-film interfaces are sharp, alternative mod-

els for IGFs can be devised by applying diffuse-interface theories

with pre-selected boundary conditions at the abrupt crystal-film

interfaces. Clarke’s original model3 for the steric force belongs

to this group, where excess film energy due the partial ordering

and structural gradients are:

σ x
steric =

∫ h/2

−h/2

[� f (η(x)) + κη · |∇η(x)|2]dx . [21]

The steric free-energy term (Esteric(h)) was found by minimizing

Eq. 21 with the boundary conditions of: η(x = +h/2) = +η0

and η(x = −h/2) = −η0. The corresponding steric pressure

was found to be:

	steric(h) =
d Esteric(h)

dh
≈ −4aη2

0 · exp(−h/ξ ), [22]

where a is a coefficient in the Landau expansion of � f (� f (η) =
a · η2 + · · ·) and ξ ≡

√

κη/a is a coherent length. This model

has also been examined for different boundary conditions at the

film/crystal interface14,121 and extended to surficial films.7 Fur-

ther refinements that include additional concentration and orien-

tation fields in the KWC theory can be envisioned. This approach

may realistically represent IGFs and SAFs in many instances,

for example, representing strong steric effects in IGFs made of

polymeric oxides (silicates) that may be related to metastable

boundary conditions at crystal–film interfaces. Selection of re-

alistic boundary conditions is a challenge (and somewhat sub-

jective).

The existence of abrupt film–crystal interfaces also supports

contemplation of the simplified treatment of the film free en-

ergy in force-balance models discussed in §4.3 and §4.4 where

through-thickness gradients are neglected except for approxi-

mations concerning short-range forces related to the gradient

terms.

4.3 Force-Balance Models

The stability of nanoscale interfacial films can be conve-

niently analyzed in force-balance models. In these models,

an “equilibrium thickness” represents a balance among sev-

eral attractive and repulsive interfacial pressures/forces. Equiv-

alently, the equilibrium thickness corresponds to a global or

local minimum in excess film free energy versus film thick-

ness. Such methods and concepts have been used extensively in

colloidal theory to explain the equilibrium separation among

particles. These force-balance models are in fact “pressure-

balance models,” because “forces per unit area” are typically

considered.

The basic concepts of the force-balance models can be

demonstrated using a phenomenological premelting theory,20,21

where the excess free energy of an undercooled surficial liquid

layer with thickness h is given by

G(h) = µliquid · ρ · h + (γcl + γlv) + Eint (h), [23]

where ρ and µliquid are the molecular/atomic density and chem-

ical potential, respectively, of the bulk liquid phase. (γcl + γlv)

represents the sum of crystal–liquid and liquid–vapor interfa-

cial energies, and these two excess interfacial energies are well

defined when the film is sufficiently thick. When the film is

thin, an extra interfacial energy term Eint (h) ≡ �γ · ( f (h) − 1)

arises (from the interaction between the two interfaces), rep-

resenting the total contributions of all interfacial forces. Here,

�γ = γlv + γcl − γ
(0)
cl is defined in Eq. 5 for free surfaces. f (h)

is defined as the interfacial coefficient, ranging from 0 to 1 as

thickness h increases from 0 to ∞. Correspondingly, the total ex-

cess interfacial energy [(γcl + γlv) + Eint (h)] changes from γ
(0)
cl

to (γcl + γlv). To be consistent, the interfacial interaction term

Eint (h) ≡ �γ · ( f (h) − 1) (as well as all other individual inter-

facial energy terms discussed later) is defined so that it vanishes

as h → +∞ in this article. (Alternatively, interfacial interaction

term can be defined as E∗
int (h) ≡ Eint (h) + �γ = �γ · f (h),

which vanishes at h = 0. The total excess interfacial energy:

(γcl + γlv) + Eint (h) = γ (0)
cv + E∗

int (h).) A similar equation can

be proposed for GBs.
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The dependence of Eint (h) or f (h) on thickness reflects

the type of basic interaction in the material. The f (h) attenu-

ates quadratically with thickness for molecular substances with

long-range, non-retarded, dispersion forces (e.g., ice), or de-

cays exponentially for metals where the short-range interactions

dominate. Correspondingly, the interfacial energy term Eint(h)

represents a dispersion interaction (Eint(h) = Edispersion(h) =
−�γd · δ2/(δ2 + h2)) for molecular substances (§4.4.3 and Eq.

39) and a short-range interaction (Eint(h) = Eshort−range(h) =
−�γshort−range · exp(−h/ξ )) for metals (§4.4.2), respectively.

If the difference in densities of solid and liquid phases can

be ignored (otherwise, a correction factor should be included in

Eq. 24), the following approximation can be used to estimate

the volumetric free-energy term:

�Gvol = (µliquid − µsolid) · ρ ≈ �S
fusion

vol · (Tmelting − T ). [24]

Here �S
fusion

vol is the fusion entropy per unit volume and Tmelting is

the melting temperature. Thus, the excess film free energy as a

function of film thickness, referred to the equilibrium bulk solid

phase and the state of h = 0, is given by:

�σ (h) ≡ [G(h) − G(0)] − µsolid · ρ · h = �γ

+�Sfusion · (Tmelting − T ) · h + Eint (h). [25]

Equation 24 or the second term in Eq. 25 represents the positive

volumetric free energy for forming a metastable liquid layer.

A premelted film of thickness h, for which �σ (h) < 0,

is thermodynamically stable. The equilibrium thickness is ob-

tained by minimizing the excess free energy �σ (h). The spatial

derivatives of the interactions in Eq. 25 are equivalent to attrac-

tive or repulsive pressures/forces acting across the film. Thus, the

equilibrium thickness is alternatively represented by a pressure/

force balance:

d�σ (h)

dh

∣

∣

∣

∣

h=heq.

= 0, [26]

which implies:

�S
fusion

vol · (Tmelting − T ) = −
d Eint(h)

dh
. [27]

The left-hand side of Eq. 27 is a (constant) attractive pressure

due the volumetric free energy for forming the metastable stable

liquid phase, which scales with the undercooling, (Tmelting − T ).

The right-hand side of Eq. 27 represents a repulsive interfa-

cial force. By inserting the specific function of interfacial in-

teraction Eint (h), the thickness of the premelting layer versus

temperature can be calculated. In general, heq ∝ t−1/3 for mate-

rials controlled by long-range dispersion forces (e.g., ice), and

heq ∝ |ln(t)| for materials controlled by the short-range forces

(e.g., metals), where t ≡ (Tmelt inf − T )/Tmelting is the reduced

temperature.

Force-balance models can also be used for assessing the

thickness of prewetting layers (Figure 3) using the following

equation, which is similar to Eq. 25:

�σ (h) = �γ + �Gvol · h + Eint(h), [28]

where �Gvol represents volumetric free energy for forming the

metastable β phase (Figure 3) and the interfacial interaction term

Eint (h) scales with �γ ≡ γβ+γαβ−γ (0)
α . Although this model is

intrinsically inaccurate for prewetting films in binary de-mixed

liquid systems with significant compositional gradients, it can

predict the stabilization of the prewetting layers and the basic

trends in thickness versus concentration or temperature.

Clarke3 initially proposed that the thickness of the IGFs rep-

resents an equilibrium separation between grains in a force-

balance model. In a simple form of this model, the equilibrium

thickness is determined by a balance among a long-range dis-

persion pressure, a short-range steric interaction, and capillary

and applied pressures:

	dispersion(h) + 	steric(h) + (Pcapillary) + (Papplied) = 0. [29]

If capillary and applied pressures are not present, Eq. 29 can be

alternatively expressed in the form of excess film free energy

versus thickness:

�σ (h) = �γ + Edispersion(h) + Esteric
(h). [30]

The excess film free energy exhibits a minimum at the equi-

librium thickness, representing a balance between the attractive

long-range dispersion force and the repulsive short-range steric

force.

Attempts to refine the force-balance model have led to intro-

duction of an electrical double-layer interaction,4 new diffuse-

interface models for short-range interactions of structural and

chemical origins,14,121,170 and improved treatments of Hamaker

constants.184,235 A refined continuum model has also been pro-

posed for IGFs in Si3N4 ceramics.236 For quasi-liquid interfa-

cial films forming at subsolidus conditions (e.g., IGFs at GBs

in ZnO-Bi2O3,16–18 Al2O3-(Y2O3+ SiO2),15 W-Ni,12 and Cu-

Bi194; IGFs at heterophase interfaces in SiO2-TiO2
14 and ZnO-

Bi2O3
16; and SAFs for Bi2O3 on ZnO,7,8,10 Bi2O3 on Fe2O3,8

and WO3 on TiO2
8), a volumetric free energy term �Gvol · h

(§4.4.1) should be added. Eq. 30 is then generalized to:

�σ (h) = �γ + Edispersion(h) + Eshort−range(h) + Eelec(h)

+(�Gvol · h) + · · · . [31]

The term Eshort−range(h) is the (coupled) short-range interac-

tion of structural and chemical origins (§4.4.2), and Eelec(h) is

the electrostatic interaction (§4.4.4). For consistence, the author

assumes that all the interfacial free energy terms (except for

�Gvol · h ) vanish as h → +∞. The four thickness-dependent

free-energy terms in Eq. 31 are discussed further in §4.4.1-

4.4.4. The Clarke force-balance model can be regarded as a

high-temperature colloid theory.5

Force/pressure-balance models have also been developed for

SAFs.6–11 The excess free energy as a function of film thick-

ness h for an SAF has the same generic form as Eq. 31, but
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FIG. 19. Computed excess film free energy versus film thickness for Bi2O3-enriched SAFs on ZnO.9 (a) Above the bulk eutectic

temperature, the equilibrium thickness corresponds to a balance between an attractive long-range dispersion interaction and a

short-range repulsion. (b) Below the bulk eutectic temperature, the attractive interaction due to the volumetric free energy for

amorphization limits the film thickness.

the specific interfacial forces/interactions are often different for

the configuration of surficial films. Figure 19 illustrates com-

puted excess film free energy versus thickness using estimated

parameters for Bi2O3-enriched SAFs on ZnO.9 Above the bulk

eutectic temperature, the equilibrium thickness corresponds to a

balance between attractive long-range dispersion interaction and

a generic, exponentially decaying, short-range repulsion. Below

the bulk eutectic temperature, the attractive pressure due to the

volumetric free energy for amorphizing the film (�Gvol · h) is

the dominant interaction that limits the film thickness. Further-

more, this force-balance model with the volumetric free energy

being the dominant temperature-dependent interaction has been

used to compute film thickness versus undercooling for Bi2O3-

enriched SAFs on ZnO9. This quantitative model predicts thick-

nesses versus temperature for subeutectic SAFs consistent with

experimental results (Figure 12). It is therefore concluded that

the film becomes thinner with increasing undercooling due to the

increasing volumetric free energy for amorphization, wherein an

analogy to the premelting theory exists.

Several specific interfacial forces and their roles in determin-

ing the stability and thickness of surficial and intergranular films

are discussed further in the next section (§4.4). The limitations

of the force-balance model are discussed in §4.5.1.

4.4 Interfacial Forces and Their Roles in Film Stability

4.4.1 Volumetric Free-Energy Term

The �Gvol · h term is often the dominant attractive interac-

tion in the subeutectic and undersaturation regions that limits

the film thickness and controls the thickness dependence on

temperature or chemical potential. �Gvol is defined as the vol-

umetric Gibbs free energy for forming a hypothesized uniform

liquid film from a mixture of the bulk (crystal or liquid) phases.

The value of �Gvol depends on temperature, the composition

of the hypothesized uniform liquid film, and the selection of

bulk phases from which the film forms. The �Gvol term can be

zero, positive, or negative. It is negative for the case of solid-

state amorphization,209 where spontaneous amorphization oc-

curs from mixing two crystalline phases (which are not in equi-

librium with each other) below the bulk solidus temperature

when the intermediate compounds cannot nucleate.

If a thermodynamic equilibrium is achieved in a multicom-

ponent system, the interfacial films form from equilibrium bulk

phases. In this case, �Gvol is positive and can be significant

when the liquid phase is not a stable bulk phase, for example,

in subeutectic or undersaturation regions. It is important to note

that in most Si3N4-based ceramics, the secondary silicate phase

exists as a glassy phase (instead of the equilibrium crystalline

phase(s)). In this case, �Gvol·h should be calculated with respect

to crystalline Si3N4 and the metastable glassy silicate phase.

The �Gvol · h term is included in diffuse-interface models

as part of the integral of the volumetric term in Eqs. 16–18. By

definition,

�Gvol ≡ � f (η = 0, c0), [32]

where c0 is the solute concentration of the hypothesized uni-

form film. Thus, if the �Gvol · h term is included separately,

it should to be subtracted from these equations or any other

diffuse-interface equation that is used to calculate the short-

range interaction (§4.4.2).

The adoption of the �Gvol · h term is conceptually useful for

understanding the film stability, but caution should be used in

defining this term, because doing so is sometimes subjective.
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Because there are through-thickness compositional gradients in

the interfacial films, calculation of the �Gvol term depends on

the (somewhat subjective) choice of c0. Here the author pro-

poses two approaches. First, c0 can be selected to be the average

concentration of the actual films.9,10 In this approach, �Gvol

can be positive even in the bulk liquid–solid two-phase region,

if the film has an average composition distinct from that of the

equilibrium bulk liquid. In reality, the film adopts an average

composition that minimizes the excess film energy, which is

not known a priori. Additionally, the average film composition

varies with increasing film thickness (approaching that of the

bulk liquid as h → +∞ in the solid-liquid two-phase region).

Thus, �Gvol is a function of film thickness and it cannot be

easily computed. In the second approach, c0 can be selected to

be the concentration that minimizes �Gvol . Then, the �Gvol · h

term represents the minimum additional free energy required

to form a uniform liquid film of any composition. The rest of

the excess volumetric free energy should be considered in the

short-range interactions (§4.4.2). In this case, �Gvol is zero in

the solid–liquid coexistence region and positive at subeutectic

or undersaturation conditions, and it is independent of the film

thickness (h).

For a two-component system, �Gvol can be computed from

the fusion free energy of both end members as well as the en-

thalpy and entropy of mixing. With known film composition or

using the second definition, �Gvol can be accurately calculated

from the standard methods and databases used in CALPHAD.

Using the second definition, the �Gvol · h term represents a

constant attractive pressure in the subsolidus region.

4.4.2 Short-Range Forces of Structural and Chemical Origins

Short-range forces of structural and chemical origins are of-

ten the key repulsive forces that stabilize the interfacial films

to finite thicknesses (against vanishing) in metals and ceramics.

They are related to the non-uniform composition and structure

of the nanoscale interfacial film. These short-range forces are

alternatively referred as “medium-range” interactions in sev-

eral articles9,10 to differentiate them from the �’s used in Eqs.

13, 14, 17, and 18, which are associated with shorter-range in-

teractions related to terminating surfaces. Because short-range

interactions include both gradient terms and volumetric thermo-

dynamic terms in the diffuse-interface theories, they must be

defined and computed consistently with the specific definition

of �Gvol ·h. With diffuse-interface theories, the author proposes

to define the short-range forces as

Eshort−range(h) ≡ σ x −�Gvol ·h −[σ x −�Gvol ·h]h→+∞, [33]

where σ x is defined in Eq. 13–18 or 21, or any other apporporiate

diffuse-interface intergral. The −[σ x − �Gvol · h]h→+∞ term,

which is a constant of finite value, insures that the short-range

energy term vanishes as h → +∞.

Clarke derived a steric force in a diffuse-interface theory us-

ing only one order parameter and an anti-phase type bound-

ary condition at abrupt film-grain interfaces (Eqs . 21 and

22)3, which have been further extended to consider composi-

tional gradients170 or the order parameter at the film/crystal

interfaces.14,121 In the original model for polymeric silicate

based IGFs, this steric force represents a structural disjoin-

ing force due to the “interference” between the different im-

posed partial orders at the two crystal-film interfaces during

a forced approach of two grains (relating to the distortion of

SiO4
4– tetrahedra). A similar simplified diffuse-interface model

for repulsive short-range forces in surficial films has also been

proposed.7 These steric type forces can but do not always cor-

respond to the true thermodynamic equilibration, because the

boundary conditions at the abrupt film/crystal interfaces may

represent metastable situations (particularly for silicate-based

IGFs).

In general, short-range forces of structural and chemical ori-

gins are perhaps the least understood term. Nonetheless, useful

approximation for these short-range forces reduces to

Eshort – range(h) = Ks · e−h/ξ , [34]

where ξ is a correlation length that scales with a characteristic

molecular bond or chain length. In a “normal” case,

Ks = Eshort−range(0) − Eshort−range(+∞) ≡ −�γshort−range,

[35]

where �γshort−range is the contribution of the short-range inter-

cation to the �γ . However, Eq. 35 is not true in some instances

(e.g., the steric force) when the exponential approximation is

valid only for h > ξ . In general, the short-range force can ex-

hibit complex dependence on the film thickness,121 and it is more

complicated in ceramics.

4.4.3 Long-Range Dispersion Forces

Long-range dispersion forces, arising from the electromag-

netic interaction of fluctuating dipoles, are assumed to be the

major attractive interaction that prevents IGFs from complete

wetting in the bulk solid-liquid (or solid-glass) coexistence re-

gion in ceramics. Dispersion forces also dominate the interfacial

behaviors in ice and other molecular substances, and they ap-

pear to have some significance in metals (e.g., in surface and

GB premelting of metals233,234). Within the continuum and non-

retarded limits, the dispersion interaction for a thin film between

two dissimilar materials is:

Edispersion(h) =
−A123

12πh2
, [36]

where A123 is the Hamaker constant for the system “mate-

rial (1)/film (2)/material (3),” scaling the strength of the dis-

persion interaction. If material (3) is vapor or air, the config-

uration represents a surficial film. The dispersion forces for

surficial films can be either attractive or repulsive. In-depth

discussions of dispersion forces can also be found in books

by Israelachvili63 and Parsegian.237 For an IGF of a symmetric
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flat geometry, the dispersion interaction is then

Edispersion(h) =
−A121

12πh2
, [37]

which is always attractive (A121> 0). A123 and A121can be com-

puted from the dielectric/optical functions of the associated

materials.63,184 A full spectral method has been developed to

accurately compute Hamaker constants.235 A comprehensive re-

view of London dispersion forces has been written by French.184

Dispersion forces in IGFs at metal-ceramic interfaces have also

been quantified.139 Recent progresses have also been made to use

theoretically computed optical spectra to estimate Hamaker con-

stants and to do layer-by-layer evaluation of dispersion forces

for graded films.184,238

Several issues need precautions. First, retarded dispersion

interactions should be used for large separation:

E
(retarded)

dispersion(h) =
−B123

3h3
(h > λ/2π), [38]

where λ roughly relates to a characteristic ultraviolet adsorption

wavelength. Because the thickness of interfacial films discussed

in this article is generally on the order of 1 nm, retardation effects

seem unimportant. However, retardation effects can be more

complex than suggested by Eq. 38. For example, with complex

retardation effects, dispersion forces can produce equilibrium-

thickness surficial films without other interfacial forces. This

is the reason for incomplete surface premelting of ice (i.e., the

formation of equilibrium-thickness surficial water layer on ice

at the triple point).21 French demonstrated that a similar effect

can, in principle, produce equilibrium-thickness surficial films

in ceramics.184

Second, the dispersion energy is divergent at h = 0 in Eqs.

36–37, which is a meaningless consequence of the continuum

description. This singularity can be eliminated from the model

that considers finite atomic separation. For example, Eq. 36 can

be modified as

Edispersion(h) =
−A123

12π (h2 + δ2)
= −�γd ·

δ2

h2 + δ2
, [39]

where δ is the distance between two atomic planes. �γd ≡
A123/(12πδ2) is the contribution of dispersion interaction to

�γ .

Finally, the film compositions (and the associated optical

properties) need to be known a priori to calculate Hamaker

constants. Furthermore, it is assumed in Eqs. 36–39 that the in-

terfacial film is homogenous. Practically, researchers typically

use the properties of the bulk phases to compute Hamaker con-

stants. However, the nanoscale interfacial films often exhibit

an average composition and structure that markedly differ from

the bulk glass or liquid phase, as well as significant through-

thickness compositional and structural gradients. Refinements

of Eq. 36 and Eq. 37 have been made for graded films.184,238

Furthermore, a method has been developed to determine in situ

the dispersion interactions in IGFs from measurements of lo-

cal optical properties using spatially-resolved valence electron

energy loss spectrum imaging.239,240

4.4.4 Electrostatic Interactions

If ionic species are involved, electrostatic interactions can

exist and affect the stability of nanoscale interfacial films. If

ionic species are present in a quasi-liquid film, some ions will

be preferentially adsorbed onto the crystal faces and a counter-

ion cloud will form in the film, leading to the formation of an

electrical double layer. For IGFs, a screened Coulombic (en-

tropic) interaction arises. For surficial films, the double layer is

repelled by an electrostatic image. If a weak overlap approxi-

mation (h > κ−1) holds, the electrical double-layer interaction

is given by

Eelec.(h) = Ke · e−κ·h [40]

for IGFs (h → 2h for image forces in SAFs). κ−1 is the

Debye length. Ke is a function of the surface potential (ψs)

or surface charge density (qs) as well as other parameters

[Ke ≈ 2q2
s /(κεεo) if ψ s< kT /e = 25 mV]. The actual electrical

double-layer interaction can be more complex than Eq. 40, for

example, in the cases when the interfacial films are thin in com-

parison to the Debye length (κ−1) or if there are multiple ionic

species. Rigorous analysis of the general electrical double-layer

interactions under different conditions can be found elsewhere.63

Possible electrical double-layer contribution to the equilib-

rium thickness of IGFs in ceramics has been examined by

Clarke et al.4 Recently, electrostatic and entropic interactions

for glassy IGFs in three configurations, namely ceramic-film-

ceramic, ceramic-film-metal, and metal-film-metal, have been

investigated.241 The roles of electrical double-layer interactions

in ice premelting with ionic impurities (at surfaces, GBs, and in-

terfaces with inert walls),21,46,148 prewetting in ionic solutions,56

and disjoining pressures in thin wetting films67,242 have also been

analyzed, showing ubiquitous importance of these electrostatic

forces.

Several issues need to be noted. Steric effects may become

important if the ion size is comparable to film thickness.243 For

IGFs and SAFs formed in ionic crystals, in principle counter

ions or charged defects can form in both quasi-liquid films and

adjacent ionic crystals, leading to more complex electrostatic

space charges and interactions.

4.4.5 Other Interfacial Forces

Other interfacial interactions also exist and can be important.

Cannon et al.2,5 listed three possible forces at very short range

for IGFs in ceramics: namely the residual Coulombic attraction,

Born type (orbital overlap) repulsion, and, most importantly,

an “adsorption interaction” (i.e., an interaction term relating to

“how much of the atomic species from the liquid would remain

during a forced approach of two grains,”2 which is related to
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the 	ADS term, or “interactions resulting from solute adsorp-

tion on the two grain surfaces,” in Clarke’s original paper3).

Cannon also proposed that a strain effect can be important, for

example, in delaying the complete wetting of IGFs and SAFs

in ceramics.225 In principle, complex interfacial forces akin to

those proposed in colloidal theory,63 for example, some oscil-

lating forces, can also be present in high-temperature ceramic

systems.2,5 Ferromagnetic interactions205 and superlattice or-

dering interactions206 have also been investigated for the pre-

melting/prewetting IGFs in Fe-Si-Zn.

4.5 Further Discussion

4.5.1 Limitations of Force-Balance Models

Assessing the stability of nanoscale interfacial films via force-

balance models is convenient and provides useful physical in-

sight. However, there are limitations. First, the force-balance

models are largely based on the assumption of uniform films

(except that the effects of gradient energy terms are considered

in the approximations for short-range forces or interfacial co-

efficients), while it is known that significant through-thickness

compositional and structural gradients exist in these interfacial

films. Second, computing interfacial forces requires knowledge

of the film composition and structure, which are typically not

known a priori. Practically, researchers often use the properties

of bulk glass or liquid phases, which differ significantly from

those of quasi-liquid interfacial films, to estimate these interfa-

cial forces. This approach often results in errors. On the other

hand, force-balance models provide little or no information on

how to determine the distinct film composition, structure, and

their gradients, which are important for understanding the sta-

bility and properties of these films. Finally, interfacial forces

are not (completely) independent. In some cases, they can be

strongly coupled.

Some of these issues can be addressed in diffuse-interface

models, which also need further refinements for yielding

quantitative predictions. Some of limitations of force-balance

(and diffuse-interface) models discussed above can also be

addressed by first-principle or molecular dynamics simula-

tions. The possibility and great potential of conducting re-

alistic first-principle and atomistic simulations for complex

interfacial configurations in multicomponent materials have

been demonstrated by modeling special GBs in yttrium-doped

alumina244–246 as well as several modeling studies of IGFs dis-

cussed in §4.6.

4.5.2 Metastable Equilibration

It is important to recognize that nanoscale interfacial films

can form at various types of metastable equilibria. In general,

interfacial films in ceramics are more likely to form at metastable

equilibria than their counterparts in metals and molecular sub-

stances. Within ceramics, silicate-based IGFs are more likely

to exhibit metastable equilibria than IGFs that are not based on

viscous, polymeric oxides. Additionally, true thermodynamic

FIG. 20. Excess film energy versus thickness in a force-balance

model where the dispersion force is computed based on (a)

Eq. 36 and (b) Eq. 39. In this case, the primary minimum in

(a) is an artifact due to the singularity associated with the con-

tinuum limit. The parameters used for computing plots (a) and

(b) represent the SAFs in Bi2O3-doped ZnO, where the equi-

librium thicknesses correspond to shallow minima (with an ex-

panded view in Figure 19a). (c) Using Eq. 39 where the singu-

larity has been removed, two (primary and metastable) minima

can exist but only with a hypothesized strong dispersion force

(A123 = 360 zJ).

equilibria are more likely to be achieved for SAFs than IGFs

that are confined between two crystals.

In colloidal literature, it is often considered that a primary

minimum exists at (virtually) zero separation irrespective of the

existence of a finite, equilibrium separation. IGFs in ceramics,

particularly silicate-based IGFs, may also exhibit both primary

and metastable minima. On the other hand, a “primary mini-

mum” always exists in force-balance models if Eq. 36 or Eq. 37

are used, which is a meaningless consequence of the singularity

due to the continuum description of dispersion forces. This can

be corrected by using Eq. 39 instead of Eq. 36 (Figure 20a versus

20b). Using Eq. 39 where the singularity has been removed, a

primary minimum can exist only if the strength of the attractive

dispersion force is significant compared with the short-range

repulsion (Figure 20c).

A key difference between the current case and that in col-

loidal systems is that the short-range forces are typically much

stronger. Thus, the equilibrium thicknesses of IGFs and SAFs

in the solid-liquid coexistence regime typically correspond to

rather shallow minima in excess film energy versus thickness

(Figures 19a and 20), and the existence of both primary and

metastable minima may not be ubiquitous. However, the short-

range forces can be more complex than the simple exponentially

decaying form, and it can, in principle, produce two minima by

itself.1,121 A more critical assessment is not warranted at this

time because these interfacial forces, particularly interactions at
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the very short range, are still poorly understood. Although the

existence of both primary and metastable minima is possible

and has been demonstrated at least for one system (TiO2-SiO2,

which exhibits rather high A121),121 it is likely that the singular-

ity issue associated with the continuum description of dispersion

forces, as well as the (perhaps incorrect) analogy to the colloid

theory, contributes to a perception of the ubiquitous existence

of this primary minimum for IGFs in ceramics. On the other

hand, it has been demonstrated that the equilibrium thickness

of IGFs in ZnO-Bi2O3 represents a global minimum in excess

film energy versus thickness.16 Additionally, IGFs at the hetero-

interface in SiO2-TiO2
14 and GBs in Pb2Ru2O7-based thick-film

resistors2,120 also likely represent true thermodynamic equilib-

ria. The extent to which IGFs and SAFs in ceramics (as well as

their counterparts in metals and molecular substances) exhibit

both primary and metastable minima is still unknown.

In previous discussions, it is largely assumed that a thermo-

dynamic equilibrium has been achieved for bulk phases. This

is a not always true. As discussed in §4.4.1, IGFs in Si3N4-

SiO2-based ceramics are often in equilibrium with a metastable

glassy silicate phase. If a thermodynamic equilibrium has not

been achieved for the bulk phases, the volumetric free energy

term �Gvol · h and the diffuse-interface equations should be ad-

justed to represent the actual (non-equilibrium) referencing bulk

phases.

Finally, an assumption of the force-balance and diffuse-

interface models is that the kinetics is fast enough to allow the

films to reach equilibrium (or metastable) states, which can of-

ten be violated. Both force-balance and diffuse-interface models

can be used to assess metastable equilibria (with cautions).

4.5.3 Uniqueness of Silicate-Based Intergranular Films

It should be recognized that silicate-based IGFs are rather

unique. SiO2 has the lowest fusion entropy (<0.2k per cation,

k being the Boltzmann constant) among all one-component ox-

ides, high viscosity, and a polymeric structure. Silica and silicate

are easy to amorphize and difficult to crystallize. Furthermore,

silicate-based IGFs are more likely to retain their amorphous

structure upon cooling. These properties are consistent with

the fact that silicate-based IGFs are the most widely observed

nanoscale disordered interfacial films in inorganic materials. It

is also possible that the formation mechanism and stability of

silicate-based IGFs are unique to some extent. For example,

silicate-based films are more likely to form at metastable equili-

bration and exhibit more significant (if not unique) steric forces.

However, the extent to which silicate-based IGFs are unique is

still an open question. On the other hand, silicate-based IGFs

and disordered interfacial films observed in other inorganic ma-

terials have many similarities.

4.5.4 Terminologies: Prewetting and Premelting

In binary systems with deep eutectic reactions, models and

experiments illustrated the formation of nanometer-thick, quasi-

liquid, intergranular and surficial films, bounded by two differ-

ent transitions: a drying (i.e., prewetting) transition at a lower

temperature and a complete wetting transition at a higher tem-

perature, with the latter occurring either at or above the bulk

eutectic temperature. In a broad definition, it is conceptually

useful to consider these nanoscale quasi-liquid interfacial films

formed before the occurrence of a complete wetting transition as

“prewetting films,” as originally suggested by Cannon.2 Some-

what more rigorously, one may argue that only the formation of

quasi-liquid films in the regions where bulk liquid is thermody-

namically unstable can be considered in the “prewetting region.”

In the wetting literature, prewetting transitions refer to the wet-

ting transitions when the phase that does the wetting is not yet

stable. To the best of the author’s knowledge, only “prewetting

transitions” have been rigorously defined, and the terms “prewet-

ting regions” or “prewetting films” have been used somewhat

vaguely. In the present case, the complete wetting transition can

be delayed well above the bulk eutectic temperature (or even

completely inhibited) and the properties of the SAFs and IGFs

in the solid-liquid coexistence region are not distinctly differ-

ent from those formed at subsolidus conditions. Thus, an open

question is whether the IGFs and SAFs that are in equilibrium

with a partial-wetting liquid can be called “prewetting films,”

which is a somewhat subjective issue of terminology definition.

Premelting is originally defined for pure materials or com-

pounds that melt congruently. If both interfacial adsorption and

disordering occur, one can consider that the resultant interfa-

cial films form from coupled interfacial prewetting and pre-

melting transitions. Again, one may argue that only the dis-

ordered interfacial films formed below the bulk eutectic or

solidus temperatures can be regarded as “premelting” or “pre-

melting/prewetting” films, although the character of nanometer-

thick SAFs and IGFs in the solid-liquid coexistence region may

not be distinctly different. In principle, prewetting transitions

can also occur in binary crystalline systems without interfacial

disordering (premelting).

4.5.5 Related Interfacial Phenomena: Roughening and

Faceting

Surface and interfaces (including GBs) can also undergo

roughening (defaceting) transitions,247,248 which represent an-

other important class of interfacial transitions. Roughening and

premelting are related but different interfacial phenomena. Inter-

play of roughening, faceting, and disordering can be important

in determining the surface behaviors in unary systems23 as well

as the stability of nanoscale interfacial films in multicomponent

materials. There is also a “roughening” transition associated

with multilayer gas adsorption, below which layering occurs.57

4.6 Atomistic and First-Principle Modeling

Other theoretical and simulation approaches, including

molecular dynamics,40,41,160–164,249–251 classical density func-

tional theory, grand-canonical Monte Carlo simulations,252 and

first-principle/ab initio methods,83,250,253–255 have been used to
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study IGFs. A brief overview of these methods can be found

in Ref. 1. Molecular dynamics and density functional theory

have also been used to study surface premelting. (See reviews

by Tartaglino et al.23,24 and references therein.) GB disorder-

ing in one-component systems (Si and metals) has been stud-

ied extensively using molecular dynamics.37–42,256,257 Recently,

grand-canonical Monte Carlo simulations have been conducted

for studying prewetting in binary metallic alloys.220

In principle, atomistic and first-principle simulations can ad-

vance the understanding of IGFs, SAFs, and related interfacial

phenomena at a more fundamental level. Simulations of com-

plex interfacial structures in multicomponent systems are be-

coming more realistically with rapid advancements in compu-

tation power and modeling techniques. Many progresses have

been made in modeling GBs and IGFs in the last a few years and

there is no doubt that atomistic and first-principle simulations

will become increasingly more important in future. An in-depth

TABLE 2

Selected technologically important roles of impurity-based, nanoscale, quasi-liquid, interfacial films. A rough assessment of the

level of existing experimental evidence and belief are given in parentheses

High-Temperature Material Properties • High T strength, fracture behaviors, creep resistance, and oxidation

of Si3N4- and SiC-based structural ceramics

(confirmed)76,77,91,92,104,105,111,113,150

• Superplasticity of ZrO2-based ceramics (spot evidence)122

• WC-Co composites (spot evidence)211

• Tungsten and other refractory metal alloys (anticipated)12,13

Mechanical Properties and Chemical

Stability

• Toughness, strength, fatigue, and wear resistance of Si3N4-, SiC-,

and Al2O3-based structural ceramics

(confirmed)73,99,100,108,109,132,134

• Liquid metal embrittlement for Ni-Bi, Cu-Bi, and Al-Ga

(confirmed)203,212–214

• Corrosion of synroc (spot evidence)124

• GB embrittlement of W-Ni, Cu-Bi, and other systems (anticipated)

Solid-State Activated Sintering • ZnO-Bi2O3(confirmed)18

• W-Ni (confirmed)12,13,208

• CeO2-CoO (some evidence)264,280

• Other ceramics and refractory metals (anticipated)

• Ice-impurities (predicted)20,21

Rapid GB Migration

(Abnormal Grain Growth)

• Al2O3-(Y2O3+SiO2) (confirmed)15

• Al-Ga, W-Ni, and ZnO-Bi2O3 (some evidence)260–263

Electronic and Physical Properties • Ruthenate-based thick-film resistors (confirmed)120

• ZnO-Bi2O3 based varistors (confirmed)16–18

• (Ba, Sr)TiO3-based sensors and actuators (some evidence)126–130,259

• Thermal conductivity in AlN (spot evidence)106,107

• High-Tc superconductors (spot evidence)123

Applications of Nanoscale

SAFs of Self-Selecting

Thickness and Composition

• Support oxide catalysts (some evidence)10,147,185–187

• Stability of ultra-thin dielectric oxide films (suggested)

• Shape and growth kinetics of nanoparticles and nanowires (spot

evidence)189–192,265

• Low-friction coatings for MEMS and NEMS; bio-active coatings,

etc. (suggested)

discussion of atomistic and first-principle simulations is beyond

the scope of this review.

5. IMPORTANCE OF DISORDERED INTERFACIAL
FILMS IN MATERIALS PROCESSING
AND PROPERTIES

5.1 Broad Technological Implications

The existence of disordered interfacial films is tech-

nologically important. A rich variety of processing,13,15,18

electronic,16,17,120,123 mechanical,73,76,77,92,98–100,108,109,111,113,

122,132,134,150 and catalytic10,147,185–187 properties of materials

have been found to depend on the existence of such thin inter-

facial films. Selected applications and the technological impor-

tance of such films are listed in Table 2 and discussed as follows.

First, the existence, stability, structure, and chemistry of

IGFs have significant technological implications for several
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advanced ceramics. They play critical roles in fracture tough-

ness, strength, fatigue, wear and creep resistance, and oxi-

dation of Si3N4- and SiC-based high-temperature structural

ceramics,73,76,77,91,92,103–105,108,109,111,113,150,251,258 mechanical

properties and erosive wear behaviors of Al2O3,
132,134 super-

plasticity of Y2O3-stabilized ZrO2,
122 tunable conductivities for

ruthenate-based thick-film resistors,120 nonlinear I-V charac-

teristics for ZnO-Bi2O3-based varistors,16,17 and functions of

(Sr, Ba)TiO3-based perovskite sensors and actuators.126–130,259

For example, recent studies have demonstrated that control of

IGFs is critical for achieving low-temperature toughness and

yet optimizing high-temperature creep resistance for Si3N4-

based ceramics.73,99,100 Furthermore, there is spot evidence

showing that such IGFs can exist in a host of other ma-

terials, from synroc124 and AlN substrates106,107 to high Tc

superconductors,123 with attendant detrimental implications on

corrosion resistance and thermal or electrical conductivity.

Second, controlling the formation of disordered IGFs is im-

portant for improving the properties of certain metallic alloys.

The existence of quasi-liquid GB films has been observed or

suggested in several metallic alloys that exhibit significant GB

embrittlement, such as Cu-Bi and solid-state activated sintered

W-Ni alloys. It is highly likely that GB embrittlement in these

systems relates to such disordered IGFs and can be improved by

optimal fabrication plus heat treatment with predictive knowl-

edge of IGF stability. The formation of stable or metastable,

nanometer-thick IGFs is important in the process of liquid

metal embrittlement for Cu-Bi, Ni-Bi, Al-Ga, and perhaps other

systems.203,212–214 The presence of quasi-liquid GB films in

doped tungsten and other refractory alloys should also critically

impact their high-temperature mechanical and chemical prop-

erties (e.g., creep, oxidation, and corrosion resistance). There

is also evidence showing that nanoscale IGFs can form and af-

fect the properties of liquid-phase sintered WC-Co metal-matrix

composites.211

Third, disordered IGFs in ceramics and metals have impor-

tant technological roles in materials fabrication because of their

unique implications in GB diffusion and migration kinetics.

For example, the presence of nanoscale quasi-liquid films at

GBs can promote very rapid GB migration and abnormal grain

growth. This mechanism has been confirmed for (Y2O3+SiO2)-

doped Al2O3
15 and suggested for Bi2O3-doped ZnO,260 Ni-

doped W,261 and Ga-doped Al.262 These predictions differ from

the predictions of the classical solute-drag model, which is

widely accepted, at least for metals.262 This new mechanism of

rapid GB migration associated with the formation of quasi-liquid

films will compete with, and sometimes overwhelm, the solute-

drag effect (which is undesirable for processing nanocrystalline

or fine-grained materials). The competition between prewetting

and the solute-drag effects on GB mobility has been quanti-

tatively assessed for Ga-doped Al.263 In another example, the

long-sought mechanism for solid-state activated sintering has

recently been attributed to rapid diffusion in subeutectic amor-

phous interfacial films,13,18,264 which is discussed in detail in

§5.2.

Finally, understanding and control of SAFs of self-selecting

thickness and composition are technologically important, for

example, in engineering support oxide catalysts10,147,185–187 and

controlling the stability of ultra-thin dielectric films (e.g., gate

oxides). The formation of nanometer-thick SAFs can also play a

critical role in determining the form/shape and growth kinetics

of nanoparticles and nanowires.189–192,265

5.2 An Example: Activated Sintering of Ceramics,
Refectory Metals, and Ice

Solid-state activated sintering refers to the phenomenon

whereby sintering rates are improved because of solid-state ad-

ditives. A well-known example is the accelerated sintering of

tungsten that results from the addition of less than 0.5 weight

percent of transition metals (e.g., Ni, Pd, Co, Fe, and Pt), which

can initiate below 60% of the corresponding bulk solidus or

eutectic temperatures.210,266–279 In general, densification of re-

fractory metals is strongly enhanced with the minor addition

of a transition metal, typically at a level of about a 1-nm coat-

ing on original powder, and further addition beyond the opti-

mal level does not generate additional benefits. Enhancement

of solid-state GB diffusion must relate to some degree of GB

adsorption and disorder, but exactly what controls this behavior

is not obvious.

In a classic review article in 1978, Coble and Cannon272 noted

that “in authors’ view, the most significant change which have

been taken place in recent years regards the finding with respect

to densification below the eutectics in numerical systems, no-

tably tungsten-carbide:cobalt, tungsten:nickel, . . . ” The exact

mechanism for enhanced sintering below the eutectic tempera-

tures remained a mystery for decades. Recent studies indicated

that short-circuit diffusion in nanoscale disordered interfacial

films that form at subeutectic conditions is responsible for solid-

state activated sintering for ceramics18,264,280 and refractory

metals.12,13,208

A study18 using Bi2O3-doped ZnO as a model ceramic sys-

tem found that ∼1-nm-thick amorphous films form at GBs and

on some free surfaces well below the bulk eutectic temperature,

concurrently with the onset of accelerated sintering (Figure 21).

Consequently, solid-state activated sintering in this system was

attributed to accelerated mass transport through these subeutec-

tic, disordered, interfacial films. Recently, a similar activated

sintering mechanism due to disordered GBs has been inferred

for another ceramic system.264,280

W-Ni has been widely used as the model refractory metal

system for studying solid-state activated sintering. In a classical

model, it is assumed that the secondary crystalline Ni phase com-

pletely wets and penetrates along GBs to be an effective sold-

state activator.266 A recent study12,13,208 showed that although

activated sintering starts more than 400◦C below the bulk eu-

tectic temperature, the nickel-rich crystalline secondary phase
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FIG. 21. The solid-state activated sintering of Bi2O3-doped ZnO is attributed to enhanced diffusion in subeutectic IGFs. (a)

Shrinkage versus temperature for Bi2O3-doped ZnO and pure ZnO. (b)–(d) The stabilization of Bi2O3-enriched IGFs and SAFs

below the bulk eutectic temperature, Teutectic, occurring concurrently with the onset of accelerated densification. Adapted from Ref.

18 and Ref. 10 with permission from The American Ceramic Society and American Chemical Society.

does not wet the tungsten GBs in the solid state (Figure 22).

Instead, nanometer-thick, nickel-enriched, disordered films

formed at GBs well below the bulk eutectic temperature during

solid-state sintering (Figure 22). It is therefore concluded that

enhanced diffusion in prewetting, instead of wetting, thin inter-

granular films is responsible for solid-state activated sintering

in this model refractory metal system.

FIG. 22. The solid-state activated sintering of Ni-doped W is

attributed to enhanced diffusion in disordered, Ni-enriched,

IGFs.12,13,208 (a) Sintered density versus Ni content for spec-

imens sintered at 95◦C below the bulk eutectic temperature for

2 h. (b) Scanning electron micrograph shows that the Ni-rich,

secondary, crystalline phase does not completely wet GBs. (c)

HRTEM images of a subeutectic disordered IGF.

It is interesting to note that ice exhibits similar activated sin-

tering behaviors, presumably due to the enhanced diffusion in

the interfacial premelting layers.20,21 Both formation of premelt-

ing layers and densification rates can be significantly enhanced

by the presence of minor impurities. This shows the analogous

behaviors among ceramics, metals, and molecular substances,

although the underlying interfacial forces that control the be-

haviors are not exactly the same.

6. SUMMARY, FURTHER ASSESSMENT,
AND OUTLOOK

Diffuse-interface and force-balance models have demon-

strated the stabilization of nanoscale interfacial films at subeu-

tectic and undersaturation conditions as well as in the solid–

liquid coexistence region in multicomponent materials. Both

models have their own advantages and shortcomings. Diffuse-

interface theories (in the simple form discussed here) do not

include long-range dispersion and electrostatic forces, which

should be added separately. In general, diffuse-interface models

are perhaps not good for systems where long-range forces dom-

inate (or are significant). On the other hand, diffuse-interface

models can represent the important through-thickness compo-

sitional and structural gradients, which are largely ignored in

force-balance models. Force-balance models’ merits lie in their

simplicity and extendability, as well as the clear physical pic-

tures that they present. The limitations of force-balance models

have been discussed in §4.5.1. Most recently, atomistic and first-

principle simulations of complex interfacial structures become

more realistic, which can be used complementarily to over-

come some limitations of force-balance and diffuse-interface

models.
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Diffuse-interface and force-balance models can illustrate

some general trends for the thickness and stability of IGFs in

ceramics. However, quantitative and predictive models are still

not available. In surface chemistry, it is common to measure

the interfacial excess as a function of temperature and chemical

potential to critically validate thermodynamic models. Despite

wide observations of IGFs in ceramics, experiments that used

samples with well-controlled impurities to systematically map

film thickness and stability as functions of temperature and bulk

composition have rarely been conducted. This is due in part

to the difficulty in preparing TEM specimens efficiently. Lack

of systematic data and the complex nature of ceramics con-

tribute to the lack of predictive models. Perhaps the best existing

data on chemistry dependence of IGF thickness are those mea-

sured for the high-purity Si3N4-SiO2 with controlled CaO dop-

ing (Figure 8a) 75,78,88 and Si3N4-SiO2-Al2O3 with controlled

rare-earth oxide doping (Figure 8b),79 where the observed trends

can be qualitatively explained from the force-balance models

plus analyses of adsorption of Ca or rare-earth elements on the

grain surfaces.2,5,69,78,79,236 Cannon et al.2,5 assessed the trends

of IGF formation and stability in a variety of ceramics based

on the strengths of dispersion forces with some limited suc-

cess, pointed out many discrepancies, and concluded that “these

(force-balance models) rationalize some trends, but have little

predictive power especially regarding specific impurity effects

or films not based on silicates, and lack generality.”2

Rather systematic data have been collected for Bi2O3-

enriched SAFs on ZnO (Figure 12), where the measurements

of temperature- and composition-dependent film thickness and

stability enable the test of a general thermodynamic model.

A quantitative force-balance model9 with the volumetric free

energy for amorphization being the dominating attractive in-

teraction predicted a thickness versus temperature that agrees

with experimental measurements in the subeutectic regime, sug-

gesting a clear parallel between the stabilization of subeutectic

quasi-liquid SAFs in binary systems and the phenomenon of

premelting in unary systems. The importance of the volumetric

free-energy term at subeutectic conditions is further illustrated

by the observations of nanoscale SAFs in systems with repul-

sive dispersion forces (§3.3.2). A diffuse-interface model9 can

qualitatively predict all observed trends plus prewetting/drying

and wetting transitions, but such a model is yet unable to yield

quantitative predictions. For this system, the predicted drying

transition has been observed at a lower temperature, but a com-

plete wetting transition, which is expected from the simple

coupled surface prewetting and premelting model,9 is signif-

icantly delayed (if not completely inhibited), which is likely

a result of the presence of an attractive dispersion force of

significant strength. Thus, these critical comparisons between

models and experiments suggest the formation of SAFs can

be understood from coupled surface prewetting and premelting

transitions, while the existence of additional interfacial forces

significantly alter the film stability region and affect the film

thickness.

Although similar general trends on thickness versus temper-

ature (Figure 16) are expected for IGFs in ceramics, system-

atic experimental data on any model binary system are yet to

be obtained to yield similar critical assessment as those that

have been done for SAFs. On the other hand, surficial and in-

tergranular films can be different in some other aspects. In par-

ticular, the confinement of IGFs between two crystalline planes

results in forced gradients in orientation, which can induce fur-

ther structural frustration and the increased possibility of form-

ing metastable equilibrium configurations. Consequently, per-

haps SAFs are in general more ordered and more easily achieve

thermodynamic equilibria. On the other hand, IGF stability and

structure could significantly depend on the misorientation. It is

relatively easy to conduct critical hot-stage in situ experiments

on SAFs.

Recently proposed diffuse-interface models of coupled inter-

facial prewetting and premelting transitions44,45,167 may provide

a framework for understanding IGFs and SAFs in ceramics, but

they are not developed specifically to represent the interactions

in ceramics. Using Si3N4-SiO2 as a model system, effort has

been made to include defects and electrostatic interactions that

pertain to ceramics in diffuse-interface models,165,166 but further

developments are still needed to yield quantitative agreements.

On the other hand, the disordered interfacial films in binary or

ternary metals, which have now been directly observed or indi-

rectly suggested for at least three systems (Wi-Ni, Cu-Bi, and

Fe-Si-Zn, §3.4), can offer a test bed to critically validate diffuse-

interface models, from which additional interfacial interactions

can be further added to develop more complex models for SAFs

and IGFs in ceramics. To date, Cu-Bi is the only system for

which a complete spectrum of wetting and adsorption events

with increasing dopant activity, that is, submonolayer adsorp-

tion, multilayer adsorption/prewetting, and complete wetting,

has been documented. The basic observations in Cu-Bi can be

explained from a simple prewetting model (Figure 17a). Future

research is needed in two areas: (1) systemic characterization

of film structure, stability, and thickness as functions of temper-

ature and chemical potentials in several representative model

metallic systems with well-controlled experimental conditions;

and (2) quantification of the models with thermodynamic data

of specific systems. Experimental effort needs to be focused on

high-angle, random GBs. Hot-stage HRTEM and other in situ

experiments will be particularly useful for obtaining reliable

data (especially for metals).

If dispersion forces are attractive and the “longest” range

interaction in the system, in principle a complete wetting can

never occur.234 The observations of apparently complete GB

wetting (wherein the dispersion forces are always attractive for

the symmetrical configuration of IGFs) in both ceramics2,5 and

metals194 indicated that either the dispersion forces are too weak

to be significant (against thermal fluctuation or kinetic limita-

tions to equilibration) or there is another unaccounted for long-

range interaction. For ZnO-Bi2O3, the dispersion force is signif-

icantly stronger in SAFs than that in IGFs, which appears to be



NANOSCALE QUASI-LIQUID INTERFACIAL FILMS 101

consistent with the fact that penetration of GBs by a Bi2O3-rich

liquid has been observed at ∼950◦C,152 but complete wetting

on the surface appears to be inhibited (with a residual contact

angle of ∼5◦).180 If dispersion forces are indeed the major rea-

son for delaying or inhibiting complete wetting, complete wet-

ting should occur for SAFs in systems with repulsive dispersion

forces at or above the bulk eutectic temperature; a future critical

experiment to clarify this point is needed.

Although the focus of this assessment article is on the general

trends in the stability of nanoscale interfacial films and ther-

modynamic/phenomenological models, it is important to note

that recent significant advancements in molecular dynamics,

grand-canonical Monte Carlo simulations, and first-principle

calculations, in conjunction with parallel advancements in

HAADF-STEM and other advanced experimental techniques,

offer alternative and complementary routes to understand the de-

tailed, atomic-level interfacial structures, and to relate them with

materials processing or properties. Most efforts in this regard are

for specific systems (instead of predicting general trends). Rapid

and significant progresses in these areas are anticipated.

The observations of nanoscale interfacial films in a variety of

materials and configurations are summarized in Table 1. In gen-

eral, these interface-stabilized disordered films exhibit the fol-

lowing distinct characteristics: (1) self-selecting (equilibrium)

thicknesses on the order of one nanometer; (2) structures and

compositions that markedly differ from the associated bulk liq-

uid or glass phases (which are not stable as bulk phases in many

instances, for example, with compositions sitting in a bulk misci-

bility gap); and (3) unique kinetic/processing, mechanical, and

physical properties. Thus, the existence and stability of such

disordered interfacial films have important technological impli-

cations; some have been revealed (§5, Table 2) and many more

need to be explored.

A related long-term scientific goal is to develop interfacial

phase diagrams to quantitatively represent the unique structure-

composition stability regimes for surfaces, GBs, and het-

erophase interfaces. This is an essential component for achieving

the predicable fabrication of materials by design, which involves

the following concepts: guided by quantitative interfacial phase

diagrams, composition and processing recipes can be designed

to utilize the most appropriate GB or surface structures to achieve

optimal microstructures; furthermore, heat treatment recipes can

be devised to optimize GB or surface structures for the desired

material properties. Such concepts are especially important for

designing and fabricating nanostructured materials. The need for

the development of such interfacial phase diagrams is demon-

strated by recent observations in a model ceramic system, ZnO-

Bi2O3, and a model metallic system, W-Ni, as well as the parallel

phenomena in the ice-impurity system, wherein nanoscale quasi-

liquid interfacial films were found to form at thermodynamic

equilibria well below the bulk eutectic or solidus temperatures

and play significant roles in sintering, creep, and other material

properties.

7. CONCLUSIONS

The observations of equilibrium-thickness intergranular films

in ceramic materials, their free surface counterparts, that is, sur-

ficial amorphous films, and their metallic counterparts are re-

viewed, together with several classes of related wetting and ad-

sorption phenomena in simpler systems. These interfacial films

have a self-selecting (equilibrium) thickness on the order of one

nanometer, which can be altered by changing the equilibrated

temperature and bulk chemical potentials, and they exhibit dis-

tinct composition, structure, and properties. Quasi-liquid surfi-

cial and intergranular films can be stabilized at subeutectic or

undersaturation conditions, where an analogy to the theory of

premelting or prewetting can be made. These quasi-liquid films

can also persist into the solid–liquid two-phase regime, in equi-

librium with a partial-wetting bulk liquid, where phenomeno-

logical similarities to frustrated-complete wetting exist.

These IGFs and SAFs can alternatively be understood to

be quasi-liquid layers that adopt equilibrium thicknesses in re-

sponse to a balance among several attractive and repulsive in-

terfacial forces or disordered multilayer adsorbates with com-

positions and interfacial excesses set by the bulk chemical

potentials. Correspondingly, a unifying thermodynamic frame-

work has been developed to treat these interface-stabilized films

with force-balance and diffuse-interface models. The formation

and stabilization of these intergranular and surficial films in ce-

ramics, metals, and other materials can be understood from cou-

pled interfacial premelting and prewetting transitions in models

that are extended from the Cahn critical point wetting theory.

Furthermore, other interfacial interactions that are not consid-

ered in diffuse-interface theories, for example, dispersion and

electrostatic forces, can significantly alter the film stability re-

gion and modify the film thickness and composition.

Quantitative thermodynamic models that can be used to pre-

dict the general trends in film stability are needed to be devel-

oped. Recent progresses in atomistic and first-principle simu-

lations, together with parallel advancements in HAADF-STEM

and other advanced experimental techniques, provide a comple-

mentary research direction to investigate the detailed interfacial

structures for specific materials. Major effort is also needed to

further explore the technological importance of these disordered

interfacial films.
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