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a b s t r a c t
This article reviews recent experimental and theoretical results that elucidate the mysterious subsolidus
activated sintering mechanism. A related new concept of liquid-like interface complexion and its broad
applications in comprehending microstructural evolution and materials properties are discussed. A
recently proposed thermodynamic model is discussed and further elaborated with new analyses that
have not been published before. A long-range scientiﬁc goal is to develop quantitative and predictive
grain boundary diagrams as a new tool for realizing predictable fabrication of materials by design.
Ó 2008 Elsevier Ltd. All rights reserved.

1. Introduction
Subsolidus (solid-state) activated sintering refers to the phenomenon whereby densiﬁcation rates are signiﬁcantly improved
upon minor addition of sintering aids at temperatures when the
bulk liquid phase is not yet stable [1–6]. For example, sintering
of tungsten can be signiﬁcantly enhanced with the addition of
<1% of Ni, Pd, Co or Fe, and the accelerated sintering can initiate
at as low as 60–85% of the corresponding bulk eutectic or peritectic
temperatures [1,2,4,5]. Subsolidus activated sintering has also been
observed in various ceramic systems [3,6]. The exact mechanism of
subsolidus activated sintering has puzzled the materials community for decades.
In parallel, geophysicists have long suspected that ‘‘sintering” of
snow is related to the premelting of ice [7]. Premelting, also known
as ‘‘surface melting”, refers to the stabilization of quasi-liquid
interfacial layers below the bulk melting temperature in a unary
system [7]. Since the consolidation of ice results in densiﬁcation,
enhanced grain boundary (GB) transport is inferred. While surface
premelting has been extensively studied, the existence and importance of GB premelting in unary systems are somewhat controversial [8,9]. On the other hand, in binary and multicomponent
systems, ‘‘premelting like” ﬁlms can in principle be stabilized at
GBs over wider ranges of undercoolings, because GB structural dis* Tel.: +1 864 656 5961.
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order can be promoted by concurrent solute adsorption [10,11].
Speciﬁcally, ice premelting can be signiﬁcantly enhanced by minor
ionic impurities via electrostatic interactions [7,12,13]. Phenomenological similarities among ceramics, metals and ice clearly exist.
Recent high-resolution transmission electron microscopy
(HRTEM) studies revealed the stabilization of impurity-based, quasi-liquid, interfacial ﬁlms well below the bulk eutectic temperatures in both ceramic [6,11,14,15] and metallic [4,16] activated
sintering systems (Fig. 1), thereby suggesting that subsolidus activated sintering is due to enhanced diffusion in these quasi-liquid
(premelting like) interfacial ﬁlms. Furthermore, related concepts
and theories of GB complexion (phase) transitions (see Section 3
for elaboration) were developed [10,17,18]. Most recently, CALPHAD (CALculation of PHAase Diagrams) methods and statistical
thermodynamic models were combined to predict the stability of
subsolidus quasi-liquid intergranular ﬁlms (IGFs) and the related
onset activated sintering temperatures in doped tungsten [19].
This interfacial thermodynamic model has broad applications for
understanding GB-controlled materials processing and properties.
This review examines these recent developments and future
opportunities.
2. Impurity-based quasi-liquid interfacial ﬁlms
Nanometer-thick, impurity-based, intergranular ‘‘glassy” ﬁlms
or IGFs have been widely observed in ceramics [11,20–22]. Recently, similar interfacial ﬁlms have been found at metallic GBs
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Fig. 1. Quasi-liquid interfacial ﬁlms in ice, ceramics and refractory metals. Recent HRTEM experiments revealed the stabilization of impurity-based, quasi-liquid, interfacial
ﬁlms at subsolidus temperatures in Bi2O3-doped ZnO [6,15,32] and Ni-doped W [4,16], which are model ceramic and metallic systems, respectively, for studying subsolidus
activated sintering. These HRTEM images were taken from cooled specimens, and these ﬁlms are likely more disordered and wider at the sintering temperatures. The HRTEM
image for Ni-doped W was enhanced by FFT image ﬁltering [4,16] to clearly distinguish the thin IGF. All scale bars represent 1 nm.

[11,16], metal-oxide interfaces [11,23,24], and free surfaces
[15,24–29]. These impurity-based interfacial ﬁlms exhibit the following distinct characteristics [11]:
 self-selecting or ‘‘equilibrium” thickness on the order of 1 nm;
 large structural disorder (yet with partial order imposed by
abutting crystals); and
 an average ﬁlm composition that markedly differs from that of
the corresponding (stable or metastable) bulk liquid/glass phase
(even if these quasi-liquid interfacial ﬁlms are in equilibrium
with the bulk liquid/glass phase).
These nanoscale interfacial ﬁlms are non-wetting ﬁlms
[11,15,21,22], and they can alternatively be understood to be
 equilibrium thickness liquid-like ﬁlms in a high-temperature
colloidal theory [11,15,20–22,30]; or
 multilayer adsorbates formed from coupled premelting [7] and
prewetting [31] transitions [10,11,15,22].
Recently, stabilization of impurity-based, quasi-liquid, intergranular and surﬁcial ﬁlms below the bulk eutectic/solidus temperatures has been observed for binary ceramics [11,15,25–
29,32] and metals [16] (Fig. 1), where an analogy to premelting
in unary systems [7] can be made. A recent critical review of these
quasi-liquid interfacial ﬁlms can be found in Ref. [11].

In the literature, these ‘‘quasi-liquid” or ‘‘liquid-like” interfacial
ﬁlms were often termed as ‘‘glassy” or ‘‘amorphous” ﬁlms, which is
not rigorously correct because some partial structural order generally exist in these ﬁlms. Impurity-based ﬁlms of similar character
in metallic alloys were also called ‘‘prewetting” or ‘‘premelting”
ﬁlms [33–35]; further discussion of the rather subtle usages of
these terminologies can be found in Section 4.5.4 in Ref. [11].
3. Grain boundary transitions and complexions
Like bulk phases, GBs can undergo ﬁrst-order or continuous
transitions. GB transitions in unary systems include premelting
[7,17] and roughening/faceting [36,37]. In particular, a recent
atomistic simulation demonstrated temperature-induced GB disordering and widening in Si [38]. For multicomponent systems, GB
wetting transitions have been investigated for both metals [33]
and ceramics [22]. The well-known Fowler–Guggenheim model
also forecasts a ﬁrst-order GB adsorption transition (i.e. a discontinuous jump in GB excess with increasing chemical potential)
for strong adsorbate–adsorbate interactions. GB transitions and
kinetics are often inﬂuenced by interface anisotropy [39,40].
In 2006, Tang, Carter and Cannon predicted ‘‘GB transitions in
solute adsorption” that are ‘‘coupled with localized structural order–disorder transitions” in binary alloys using a diffuse-interface
model [10]. These transitions can be considered as coupled GB
prewetting [31] and premelting [7] transitions. In the original

Author's personal copy

83

J. Luo / Current Opinion in Solid State and Materials Science 12 (2008) 81–88

deﬁnitions, premelting refers to structural (order–disorder) transitions in unary systems [7], and prewetting refers to adsorption
transitions in binary de-mixed liquids [31]. The Tang–Carter–Cannon model is supported by prior observations of distinct GB solidus
lines for CuABi [34] and FeASiAZn [35] and recent direct HRTEM
observations of subsolidus quasi-liquid IGFs in both binary ceramics [32] and metals [16] (Fig. 1). Most recently, a ﬁrst-order surface
transition from monolayer adsorption to nanoscale quasi-liquid
ﬁlms has been reported [28,29], and the theory of this coupled surface prewetting and premelting transition [15,41] is analogous to
that of GBs [10,11]. These diffuse-interface models [10,41] may
better characterize simpler binary metallic alloys [11,15]. Electrical
double-layer [30] and dispersion [42] forces of signiﬁcant strength
should be separately included to accurately represent ceramic systems [11]. These quasi-liquid interfacial ﬁlms at surfaces and GBs
in different material systems can be understood under a unifying
thermodynamic framework [11].
Researchers [10,17,18] further suggested to extend the Gibbs
deﬁnition of bulk phases to equilibrium GB features and designated them as ‘‘GB complexions”. The quasi-liquid interfacial ﬁlms
discussed in Section 2 can be considered as one generic interface
complexion. In 2007, Dillon and Harmer observed six distinct GB
complexions in Al2O3 [18,43–46], and their work represent the
most systematic characterization of GB complexions to date. In Dillon–Harmer’s classiﬁcation [18], Complexion I is Langmuir–
McLean submonolayer adsorption; Complexion II is clean and
crystalline GBs; Complexion III is 0.35 nm thick adsorption
double-layer; Complexion IV is a 0.6 nm thick disordered ﬁlm;
Complexion V is 1–2 nm thick IGFs; and Complexion VI is complete wetting GB ﬁlms of arbitrary thickness. These six GB complexions exhibit increasing structural disorder that is coupled
with increasing GB mobility [18,43–46]. Another known GB
complexion is represented by micro-facetted GBs.
Supported by Kikuchi and Cahn’s lattice-gas model [47], Cannon
proposed the ubiquitous existence of a coupled GB prewetting [31]
and premelting [7] regime occurring close to the bulk solidus lines.
In this regime, GB solute excess increases with increasing temperature because the adsorption promotes GB disordering and creates
more adsorption sites, which differs from the classical Langmuir–
McLean adsorption characterized by a ﬁxed number of adsorption
sites. Dillon–Harmer’s Complexions III–V can be considered as a
series of derivative GB complexions in this prewetting/premelting
regime with increasing disorder (see elaboration in Section 5 and
Fig. 3).

and Auger electron spectroscopy analysis showed that nanoscale,
Ni-based, quasi-liquid IGFs formed well below the bulk eutectic
temperature during subsolidus sintering [4,16]. This observation
suggests that enhanced diffusion in these impurity-based, premelting like IGFs is also responsible for subsolidus activated sintering in
refractory metals [4].
5. A phenomenological thermodynamic model
A subsolidus quasi-liquid IGF can be thermodynamically stable
[11,16,19] if:

DGamorph:  h < ðDcÞBcð0Þ
gb  2ccl ;

where h is the ﬁlm thickness, c is the excess energy of a high-angle random GB without adsorption, and ccl is the crystal–liquid
interfacial energy. The volumetric free energy for forming an undercooled liquid (DGamorph.) of an A–B alloy can be computed from the
liquid formation free energy and the bulk chemical potentials:

DGamorph: ¼ Gfliquid  ½X film lB þ ð1  X film ÞlA ;

Bi2O3-doped ZnO was used as a model system to study subsolidus activated sintering in ceramics [6]. Nanoscale quasi-liquid
IGFs were found to form concurrently with the onset of accelerated
sintering at subeutectic temperatures where the bulk liquid phase
was not yet stable (Fig. 1). Consequently, subsolidus activated sintering was attributed to accelerated mass transport through these
quasi-liquid interfacial ﬁlms. Recently, this activated sintering
mechanism has been conﬁrmed or inferred for other ceramic systems [14,48]. In Bi2O3-doped ZnO and several other oxides, analogous subsolidus quasi-liquid ﬁlms also form on free surfaces [6,15].
Enhanced transport in these surﬁcial ﬁlms can facilitate the growth
of a network of sinter necks among particles/grains, but not densiﬁcation (which can only be resulted from GB or bulk diffusion).
On the other hand, Ni-doped W is a model system for studying
subsolidus activated sintering in refractory metals. In contrast to
the classical theory, a recent study [4] showed that the Ni-rich
crystalline secondary phase did not wet the W GBs; thus it could
not be an effective solid-state activator. Instead, combined HRTEM

ð2Þ

where Xﬁlm is the average molar fraction of the ﬁlm-forming component B in the ﬁlm.
A thermodynamic variable k, which scales the equilibrium ﬁlm
thickness, is deﬁned to represent the thermodynamic tendency to
stabilize a quasi-liquid IGF [19]:

8
Þ
< kX ðX film ÞB DGDc ðXfilm
ðX
amorph:

film Þ

: kB Max fkX ðX film Þg

;

ð3Þ

ð0<X film <1Þ

The excess free energy of a subsolidus quasi-liquid IGF can be
written as [11]:

Drðh; X film ÞBGx  cð0Þ
gb ¼ DGamorph:  h þ Dc
þ rinterfacial ðh; X film Þ;

ð4Þ

where rinterfacial (h, Xﬁlm) is a sum of all interfacial interactions [11].
For ceramic IGFs, it includes contributions from long-range vdW
London dispersion force, an electrical double-layer force and
short-range forces of structural and chemical origins [11]. For
metallic systems, a short-range interaction of exponentially-decaying form may dominate. An in-depth discussion of these interfacial
forces can be found in a recent critical review [11].
It is useful to deﬁne an interfacial coefﬁcient,

f ðh; X film ÞBrinterfacial ðh; X film Þ=DcðX film Þ þ 1;
4. Experimental observations of subsolidus activated sintering

ð1Þ

ð0Þ
gb

ð5Þ

which ranges from 0 to 1 as h increases from 0 to 1. Then, Eq. (4)
can be re-written as:

Drðh; X film Þ ¼ DGamorph:  h þ Dc  f ðh; X film Þ;

ð6Þ

The equilibrium thickness (hEQ) and average composition (XEQ)
of the ﬁlm are determined by minimizing Eq. (4), (6). For metallic
alloys, a simpliﬁed exponentially-decaying interfacial coefﬁcient
produces hEQ  n lnðk=nÞ, where n is a coherent length [11,19]. In
general, f(h, XM) can be complex because of the presence of multiple interfacial forces [11], especially for ceramic IGFs.
The range of GB solidus temperature (TGBS) can be estimated by

0:5 nm < kðT GBS Þ < 1 nm;

ð7Þ

and hEQ is about one monolayer at TGBS [19].
In a recent letter [19], the above model was quantiﬁed for ﬁve
doped W systems. Speciﬁcally, the ccl values were estimated using
a Miedema type model for binary transition metal alloys [49,50].
The volumetric free energies for forming undercooled liquids
(DGamorph.’s) were computed used CALPHAD methods and bulk
thermodynamic functions in Refs. [51–55]. The computed GB
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solidus temperatures for four systems (W–Pd, W–Ni, W–Fe and W–
Co) [19] agree well with the observed onset activated sintering
temperatures [1,2]. In addition, this model shows that Cu-enriched
IGFs cannot form at W GBs because of a positive Dc [19], which is
again consistent with the experimental observation that Cu has no
effect on activated sintering of W [2]. These agreements support
not only the above interfacial thermodynamic model but also the
hypothesized subsolidus activated sintering mechanism.
Computed lines of constant k are plotted in bulk phase diagrams
for W–Pd, W–Ni, W–Fe and W–Co (Fig. 2). The lines of constant k
are horizontal in the two-phase regions where chemical potentials
is constant. Computed k is divergent as the bulk solidus line is approached from below; above the bulk solidus line, a bulk liquid
phase appears and completely wets the GBs in this simple model.
For ceramic systems, it is well-known that attractive long-range
London dispersion forces can stabilize nanoscale intergranular
(and surﬁcial) ﬁlms above the bulk solidus lines, where these quasi-liquid interfacial ﬁlms (a.k.a. multilayer adsorbates) are in equilibrium with non-wetting liquid drops [11,15,20,30,56].
Further studies are needed to enable quantitative prediction of
activated sintering in ceramic systems. Modeling ceramic systems
are in general more challenging because (1) the interfacial forces
are more complex [11], (2) reliable thermodynamic data and statistical models are rarely available, (3) the kinetic factors are more
likely dominating, and (4) the character of GB crystallographic
anisotropy can play a more signiﬁcant role.
A further reﬁnement [19] adopts a phenomenological oscillatory interaction (that is well-known in colloidal theories [57]) to

represent the ﬁnite atom size effect, which explains the multiple
GB complexions observed by Dillon et al. [18,43–46]. If a simple
exponentially-decaying interfacial force is assumed, the reﬁned
interfacial potential can be expressed as:
2

f ðh; X film Þ  f ðhÞ ¼ 1  eh=n  ½1  d sin ðph=r0 Þ;

ð8Þ

where r0 is the inter-atomic distance. It is demonstrated [19] that
layering transitions [58] can occur for moderate oscillation amplitudes (d > 3.5%), producing a series of discrete interfacial structures that are similar to Dillon-Harmer’s Complexions II–VI
[18,43] (Fig. 3, d = 0% and 7%).
The physical origin of these GB complexions is explained as follows. With reducing temperature or dopant activity, a nanoscale
quasi-liquid IGF should become thinner as opposing grains experience attractive forces due to the increasing DGamorph. term. As the
ﬁlm thickness approaches inter-atomic bond lengths, an oscillation
in excess free energy versus ﬁlm thickness arises from atomic size
and steric effects, resulting in free energy minima when the thickness corresponds to an integer number of bond lengths. Consequently, stable GB complexions with discrete characteristic
thicknesses form. Speciﬁcally, Complexions III and IV can be explained from layering transitions that correspond to n = 1 and
n = 2, respectively (Fig. 3). A range of GB widths can be seen for
Complexion V, where the equilibrium thickness is dictated by the
balance of multiple interfacial forces (and it is not discrete).
In materials such as Si3N4ASiO2 based ceramics where a strong
short-range steric force is present [11], the formation of Complexions III and IV can be inhibited. In general, GB complexions and

Fig. 2. Computed lines of constant k are plotted in the binary bulk phase diagrams of (a) W–Pd, (b) W–Ni, (c) W–Fe and (d) W–Co [19]. A series of dashed and dotted lines
represent the computed conditions that 4, 2, 1 and 0.5 nm thick quasi-liquid IGFs, respectively, can be thermodynamically stable at GBs (without considering interfacial
forces). The ranges of subsolidus activated sintering, which were retrieved from prior studies [1,2] and re-analyzed to remove variations due to the different sintering
schemes and grain sizes [19], are also labeled. The onset of subsolidus activated sintering corresponds to a k value of 0.5–1 nm, which are used to estimate the GB solidus
lines.
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Fig. 3. An example of computed equilibrium ﬁlm thickness vs. k using an interfacial potential represented by Eq. (8) (n = 0.3 nm; d = 0 and 0.07). For a moderate d, layering
transitions lead to the formation of a series of GB complexions similar to those observed by Dillon et al. [18,43]. This ﬁgure is re-plotted using the computation results
reported in Ref. [19], and the horizontal axis represents a linear temperature scale of 800–1962 K for the W–Co binary system [19]. Complexions I and II cannot be
differentiated in the present model. The interplay of multiple interfacial forces [11] in real materials can produce even more complex and diversifying GB complexions and
transitions. In ceramic materials, nanoscale IGFs are generally persist above the bulk solidus line due to the presence of attractive dispersion forces [11,56].

transitions can be more complicated and diversifying in ceramic
materials due to the more complex interfacial interactions and
greater probability of forming metastable complexions. Additional
freedoms in bond lengths, stoichiometry, defect chemistry and
electrostatic space charges may result in even more variability.
6. A long-range scientiﬁc goal: developing grain boundary
diagrams
A long-range scientiﬁc goal is to develop GB (‘‘complexion” or
‘‘phase”) diagrams as a new tool for materials science. Because of
the abrupt changes in transport kinetics and materials properties
that accompany the GB transitions, and because high-temperature
GB complexions can often be retained on cooling, quantitative and
predictive GB diagrams are a crucial component for realizing the
predictable fabrication of materials by design. This involves three
concepts:
 Guided by GB diagrams, fabrication protocols can be designed to
utilize the most appropriate GB structures to achieve optimal
microstructures;
 Heat treatment protocols can be devised to optimize GB structures for the desired performance properties; and
 GB diagrams provide information for predicting high-temperature materials properties.
For example, one may utilize liquid-like GB complexions for
low-temperature sintering and then heat treat the sintered materials to dewet quasi-liquid IGFs to improve creep resistance.
The necessity of developing such GB diagrams is demonstrated
by recent studies of subsolidus activated sintering of ceramic [6]
and metallic [4] systems. In contrast to the classical theories, these
studies demonstrated that bulk phase diagrams are not adequate
for designing optimal activated sintering protocols. This is because
nanoscale quasi-liquid IGFs can form at as low as 60–85% of bulk
solidus temperatures, thereby resulting in enhanced densiﬁcation
behaviors similar to liquid phase sintering [19]. Thus, when devis-

ing optimal fabrication protocols, GB diagrams plus bulk phase diagrams must be considered. Speciﬁcally, the latest results indeed
showed that the onset of subsolidus activated sintering could be
predicted from computed GB diagrams [19].
In addition to enhancing sintering, the formation of liquid-like
GBs can promote GB migration. This has been suggested for doped
Al2O3 [59] and Ga-doped Al [60]. Furthermore, Dillon and Harmer
demonstrated an unequivocal correlation between the structural
disorder and the GB mobility for the six complexions observed in
Al2O3 [18,43–46]. Dillon and Harmer proposed that the existence
of two or more GB complexions with differing mobility is the cause
of abnormal grain growth, thusly solving an outstanding scientiﬁc
problem that puzzled the materials community for >50 years
[18,43,46].
To quantitatively demonstrate Dillon and Harmer’s theory
[18,43–46], the variation of computed GB solidus lines in a polycrystal is estimated for the W–Co binary system as an example (Fig. 4).
Assuming ±15% variation in the excess energies of GBs with different
misorientation, the model in Section 5 predicts ±200 K variation in
computed GB solidus lines in the two-phase region (Fig. 4). If a specimen is processed in this temperature window where some GBs are
more disordered with higher mobility and others are more ordered
with lower mobility, abnormal grain growth can occur. This theory
can be generalized to other types of GB transitions and other materials systems. Further studies are needed to uncover the actual
nucleation process of the abnormal grains.
Quantitative GB diagrams that represent equilibrium GB structure/chemistry (including the important GB-to-GB variation; see,
e.g. Fig. 4), along with models that relate GB structure/chemistry
to GB transport kinetics and GB-controlled materials properties,
can provide valuable information for understanding and controlling microstructural evolution and materials properties. Here, comprehending GB transitions is of particular importance, because
such transitions often produce abrupt changes in GB-sensitive
transport, mechanical and physical properties.
The interfacial thermodynamic model in Section 5 represents
the ﬁrst step towards the development of quantitative GB
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ð0Þ

Fig. 4. The estimated range of GB solidus lines in a polycrystal for the W–Co system. This computation shows that ±15% variation in cgb (i.e., the GB energy without
adsorption) can result in ±200 K variation in computed GB solidus lines in the two-phase region. The GB solidus lines are estimated using a condition of k = 0.7 nm. This
computation quantitatively supports the abnormal grain growth mechanism proposed by Dillon et al. for Al2O3 [18,43–46], although it is computed for a different material
system.

diagrams. Computed k values represent the thermodynamic tendency to stabilize liquid-like GBs. If the interfacial coefﬁcient is
known, a GB complexion diagram can be constructed. The complex
interplay among multiple interfacial forces, represented by the
interfacial coefﬁcient, can in principle produce many different
types of GB complexions and transitions, thereby creating a variety
of complex GB diagrams from the computed k diagrams. For
ceramics, the presence of signiﬁcant dispersion and electrostatic
interactions [11] can result in more complicated GB diagrams,
e.g. the stabilization of nanoscale IGFs above the bulk solidus line.
The current model can be extended to multicomponent systems. A further extension of this model should consider structural
and chemical gradients in a diffuse-interface theory [10]. The concepts of GB transitions can be further generalized. First, prewetting/premelting and similar transitions can occur at grain edges
(triple lines) and grain corners. Second, analogous interface transitions should also exist at free surfaces and hetero-phase interfaces.
In both cases, these transitions can critically affect microstructural
evolution and materials properties.
7. Broad technological implications in materials processing and
properties
Comprehending GB complexions and transitions has broad
technological importance [11]. In addition to controlling microstructural evolution (as being discussed in Section 6), impuritybased interfacial ﬁlms can often retain upon cooling (especially
in ceramics) and critically affect a variety of materials properties.
For examples, nanoscale impurity-based IGFs can effect or even
control: (1) mechanical properties (fracture toughness, strength,
fatigue and wear resistance) of structural ceramics; (2) the tunable
conductivity of thick-ﬁlm resistors, (3) electronic characteristics of
varistors, (4) functions of perovskite actuators, (5) thermal conductivity of AlN substrates, (6) the critical current of high Tc superconductors; and (7) mechanical/chemical properties of various
metallic systems (e.g. liquid metal embrittlement systems) and
WC-Co composites. Furthermore, the presence of quasi-liquid GB
complexions can critically impact the high-temperature mechanical and chemical properties, such as creep, oxidation and corrosion
resistance. See Table 1 and Table 2 in a recent critical review [11]
for further discussion and the speciﬁc references of the abovementioned technological relevance.
Additionally, GB faceting-roughening transitions can also cause
sudden changes in GB mobility [61,62], conductivity [63], critical

superconducting current [64] and other properties. Facetingroughening transitions should also be represented in GB diagrams.
One special application of current interest is to use GB diagrams
and related concepts to control microstructures and properties of
nanocrystalline materials. For example, exploration of low-temperature pressureless sintering of nanocrystalline materials is
attractive [65]. Here, developing physics-based models to predict
a kinetic window where GB diffusion is signiﬁcant but GB migration is still limited from GB diagrams is important to minimize
grain growth while achieving full densiﬁcation. Additionally, grain
edges (triple lines) and grain corners, where analogous transitions
likely exist and critically inﬂuence transport kinetics, can play signiﬁcant roles in microstructural evolution in nanocrystalline materials. Finally, since the properties of nanocrystalline materials are
often controlled by GBs, it can be particularly useful to design
and apply heat treatment protocols (based on quantitative GB diagrams) to adjust GB structures and chemistry to improve mechanical and physical properties.

8. Summary
Recent experiments and thermodynamic modeling revealed the
stabilization of impurity-based, quasi-liquid, interfacial ﬁlms well
below the bulk solidus temperatures. Enhanced diffusion in these
nanoscale quasi-liquid ﬁlms explained the long-standing mystery
of subsolidus activated sintering mechanism. A phenomenological
interfacial thermodynamic model for predicting the stability of
nanoscale quasi-liquid IGFs was proposed in a recent letter [19]
and further elaborated in this review. An interfacial coefﬁcient
can be introduced to represent the interplay of multiple interfacial
forces and the effects of the ﬁnite atomic size, producing a variety
of GB complexions and transitions. A long-range scientiﬁc goal is to
develop quantitative and predictive GB diagrams, which will have
broad applications for comprehending GB-controlled materials
processing and properties.
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