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A Short Review of High-Temperature
Wetting and Complexion Transitions with

a Critical Assessment of Their Influence on
Liquid Metal Embrittlement and Corrosion
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ABSTRACT

INTRODUCTION

The basic concepts and new developments in the general
areas of grain boundary segregation (adsorption), wetting, and
complexion (interfacial phase-like) transitions are briefly
reviewed. Subsequently, recent studies in several relevant areas
are discussed. At the atomic level, the formation of bilayers in
Ni-Bi and Cu-Bi have been observed and found to be the root
cause for liquid metal embrittlement (LME). At the micro-
structural level, the presence of minor impurities or co-alloying
elements can significantly enhance the intergranular pene-
tration and liquid metal corrosion (LMC). Furthermore, triple-
grain-line wetting by a liquid metal can occur at high
temperatures, which may significantly affect corrosion resis-
tance (for LMC), as well as LME. Somewhat surprisingly,

Bi vapors can penetrate along the triple-grain lines in S-doped
Ni specimens to form open channels, which can be considered
as an unusual case of triple-line wetting by a vapor phase. A
coherent theme of this review and critical assessment article

is to explore the unrecognized, yet important, roles of high-
temperature adsorption/segregation, wetting, and complex-
ion transitions in LME and LMC.
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When structural alloys are in contact with liquid
metals (such as Bi and Pb), several modes of failures can
occur. First, liquid metal corrosion (LMC) often takes
place.' Second, intrinsically-ductile metals, such as
Fe, Ni, Cu, and Al, can undergo catastrophic brittle
intergranular fracture at unusually low stress levels;
this phenomenon is called liquid metal embrittlement
(LME).*'! Finally, the vapor phase of Bi and S can
attack structural alloys and cause embrittlement and
microstructural instability.'>"'3

This article briefly reviews the general theories
and new developments in high-temperature grain
boundary (GB) segregation (aka adsorption), wetting,
and complexion (interfacial phase-like) transitions, with
focuses on several recent new observations in Ni-Bi-
and Cu-Bi-based systems (the solid primary phases are
underlined) that are relevant to LME, LMC, and mi-
crostructural instability. These new discoveries include
the formation of two-dimensional (2D) bilayer inter-
facial phases (also called complexions'%) in Ni-Bi and
Cu-Bi as the root cause for LME,'®"'¢ the significant
influence minor impurities or co-alloying elements have
on intergranular penetration and LMC,'” the wetting
of Ni triple-grain lines by Bi-enriched liquid,'® and
triple-line instability (wetting by a vapor phase) in
(Bi + S) co-doped Ni system.]2 A coherent theme of this
review and critical assessment article is to explore a
unified interfacial thermodynamic framework to
understand these new observations and their
previously-unrecognized impacts on LME, LMC, and
related materials degradation phenomena.
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FIGURE 1. Summary of the results of the intergranular penetration of the equilibrium Bi-Ni liquid in pure Ni at 700°C.
(a) A cross-sectional scanning electron microscope (SEM) micrograph of a typical GB groove after annealing for 5 h. L is the
penetration length and 6 is the dihedral angle at the penetration tip. (b) The distribution of measured dihedral angles at
different GBs in this specimen. (c) Measured average dihedral angle and (d) penetration length vs. annealing time. Note that
the error bars in panel (c) represent the GB-to-GB variations of boundaries of different GB characters, as well as the effect of
random 2D projections of 3D dihedral angles, which are significantly greater than the measurement errors in the average
dihedral angles. (e) In a specimen that was annealed at 700°C for 16 h, the liquid penetration length exceeded the grain size.
Reprinted (with minor revisions) from Asl and Luo, Acta Mater. 60 (2012): p. 149-165,"” with permission from Elsevier.

It should be noted that most of the theories and
experiments presented and discussed in this short re-
view are about the behaviors of average general grain
boundaries under equilibrium (or near-equilibrium)
conditions. Practically, GB character and anisotropy
in interfacial energies can result in significant GB-to-GB
variations and other phenomena such as faceting,.
Kinetic limitations to equilibria, as well as the effects of
applied stresses and radiation (that are important for
applications in liquid metal cooled reactors), can often
alter the LME and LMC behaviors. However, discus-
sions of these advanced topics, where further studies
have to be conducted to achieve comprehensive
understandings (e.g., developing the theories of aniso-
tropic and/or non-equilibrium complexion transi-
tions), are beyond the scope of this short review.

898

GRAIN BOUNDARY WETTING AND LIQUID
PENETRATION

Direct exposure of a solid metal to a liquid metal
at a high temperature will result in the formation of
grooves and the liquid penetration along the GBs of
the solid metal. If a local equilibrium is achieved, the
dihedral angle (0) at the triple line (Figure 1[a]) is
determined by a balance among the interfacial energies,
as well as torque terms resulting from the anisotropic
interfacial energies. For a simplified case where the
anisotropies in interfacial energies and torque terms
can be neglected, the dihedral angle (0) is given by:

2y cos(6/2) (1)

=Ygb
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where v, and vy, are, respectively, the (isotropic)
interfacial energies for a crystal/liquid interface and a
GB (Figure 1[a]). It should be noted that the v, and yg,
are generally anisotropic and their dependences on the
crystallographic orientation and misorientation are
often unknown, so Equation (1) is only an isotropic
approximation. Moreover, Kinetic limitations to
thermodynamic equilibria often exist (e.g., it was
assumed that a steady-state dynamic, instead of
equilibrium, dihedral angle may form during the
intergranular penetration of a liquid metal in the
Glickman-Nathan model'®). The existence of applied
(particularly non-uniform) stresses can further
complicate the situation. Note that the observed dihe-
dral angles in the cross sections are 2D projections of
the actual 3D dihedral angles.

Figure 1 illustrates an example from a prior study.'”
Figure 1(a) shows a cross section of a typical groove
formed in a solid Ni that was annealed in direct contact
with an equilibrium Bi-0.36Ni liquid at 700°C for 5 h
and quenched. In this experiment, the start liquid
(Bi-0.36Ni) was in a chemical equilibrium with Ni to
ensure no overall dissolution of Ni into the liquid. The

(a) Above the bulk solidus line

If Ay=2yy - ng(o) <0

distribution of the measured dihedral angles (8s) for a
specimen annealed at 700°C for 5 h is shown in
Figure 1(b), where the mean was 44.7° with a stan-
dard deviation of 19.6°. The GB-to-GB variations were
related to the anisotropies in both v, and yg,, as well
as the fact that the measured dihedral angles were
(random) 2D projections of the true 3D dihedral
angles. However, for a large number of measurements,
the average dihedral angles measured in 2D cross
sections should be identical to the average dihedral
angle in 3D theoretically.'® For this particular case,
the average dihedral angle did not change significantly
after approximately 5 h; the error bars are large
(Figure 1[c]), but they in fact represent GB-to-GB
variations of GBs of different characters, as well as the
random projection effect. The average liquid penetration
length (L) was also measured as a function of time
(Figure 1[d]), which exceeded the Ni grain size and
continued to increase after about 5 h (Figure 1[e]).

A wetting transition (Figure 2[a]) may occur as
either a first-order or a continuous transformation
with the change of a thermodynamic potential.%°
Assuming isotropic interfacial energies, a necessary
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FIGURE 2. (a) Above the bulk solidus line, a liquid fim can wet a GB, where a “clean” GB is replaced by two crystal/liquid
interfaces spontaneously at equilibrium. One example of GB wetting is shown in Figure 3(b). (b) Below the bulk solidus line,
a quasi-liquid film (liquid-like GB complexion) of a nanoscale thickness h can be thermodynamically stabilized at a GB if the
interfacial energy reduction (-Ay) is greater than the free-energy penalty for forming the undercooled liquid fim
(AG&f:lgrph_ - h). This explains the thermodynamic stabilization of the liquid-like GB complexion in Ni-doped Mo below the
bulk solidus line, as shown in Figure 3(c). In panel (b), the quasi-liquid interfacial film (complexion) will adopt an “equilibrium”
thickness at a thermodynamic equilibrium. It shall also be noted that analogous equilibrium-thickness IGFs can also be
stabilized above the bulk solidus lines, particularly at ceramic GBs where the film thickness is limited by the attractive and
significant vdW-Ld interactions. These equilibrium-thickness quasi-liquid IGFs (or other more ordered GB complexions),
regardless whether they form above or below the bulk solidus lines/curves, represent cases of non-wetting (or “moist” in
Cannon’s definition; see text), even if they cover GBs continuously.

CORROSION—Vol. 72, No. 7

899



ENVIRONMENTALLY ASSISTED CRACKING

(c) (a)
Ay<0 - Bulk Solidus
“Prewetting” [

Below the Solidius Line =

(Mo) + Liquid

m
A — oo (GB wetting) <

800 1

! peritectic

at% Ni Ay=2yy — 15 ¥ = 0.5 J/m? < 0

Well Quencheﬁ'

Mo-Ni Bulk Phase Diagram
------- GB A Diagram for Ni-doped Mo

Complete GB Wetting
by the Liquid Phase

FIGURE 3. (a) The Mo-Ni binary bulk phase diagram (and a computed “GB A diagram” for Ni-doped Mo, see explanation
below), where the solid blue lines represent bulk phase boundaries. (b) Complete GB wetting in the solid-liquid two-phase
region above the bulk peritectic temperature, and (c) GB prewetting (coupled with premelting) in the single-phase region
below the bulk solidus line, where Ni-enriched, nanometer-thick, liquid-like complexions are stabilized at Mo GBs when the
liquid phase is not yet a stable bulk phase. In panel (a), the red dashed lines (computed J values) represent estimated widths
of the liquid-like GB complexions; thus panel (a) is also a computed “GB A diagram” for average general GBs in Ni-doped
Mo, where the colors represent the thermodynamic tendency for average general GBs to disorder (see the text and a recent
review®” for further explanation and discussion about “GB J diagrams”). Re-plotted after Shi and Luo, Appl. Phys. Lett. 94
(2009): p. 251908,%" and Shi and Luo, Phys. Rev. B 84 (2011): p. 014105,%” with permission.

(but not sufficient) condition for the occurrence of
complete GB wetting is:

T > 2V )

which is 111ustrated in Figure 2(a). Here, the super-
script “(0)” in y b ) refers to a hypothetic “clean” GB
without any adsorptlon of the liquid species; at a
thermodynamic equilibrium, however, this hypothetic
Yfg%) is replaced by 2v.;. Thus, by definition, the
equilibrium GB energy for a wetted GB is given by:

Ygb = Yigiq) =2Ya 3)

In fact, Equation (3) (instead of Equation [2]) is a
necessary and sufficient condition for the occurrence
of complete GB wetting, though it is not practically
useful for judging whether GB wetting would occur.
One example of the wetting of Mo GBs by a Ni-rich liquid
(with equilibrium composition on the liquidus line) is
shown in Figure 3(b).?! Other examples of GB wetting
are demonstrated for Cu-In,?? Al-Sn,?® Al-Zn, and
Zn-Al** systems, where the primary phases are
underlined.

It should be pointed out that Equations (2) and (3)
are isotropic approximations for GB wetting, which
may be used to assess the behaviors of average general
GBs (whereas special, high-symmetry GBs typically
behave differently). GB character, as well as the an-
isotropy in v, can often cause significant GB-to-GB
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variations in the individual wetting temperatures/
conditions in a polycrystalline specimen; some
examples were given in an earlier review by Straumal
and Baretzky.?®

Finally, it is imperative to emphasize again that
Equation (2) by itself is not a sufficient condition for the
occurrence of GB wetting. For exarnple a recent
study'” demonstrated that although yglgl 0 2y in the
Ni-Bi binary system, the Bi-rich liquid does not
completely wet the Ni GB, as shown in Figure 1. This is
because the adsorptlon of Bi significantly reduces the
GB energy (y (NiBied) _ 1 /4 x y M0 hased on a prior
estimation’® ] so that at the chemlcal (thermody-
namic) equilibrium:

Yo = 2y, cos(6/2)27a @

where the mean 6 was measured to be ~44.7°

(Figure 1), so that a complete wetting does not occur
(as y (NiBi.cd) gy 1 < y(N‘ 0)) 17 Yet, another similar
(non—wettlng) case is represented by the nanoscale,
equilibrium-thickness, intergranular films (IGFs) (see
elaboration in the Equilibrium Intergranular Films
Versus Coupled Grain Boundary Prewetting and Pre-
melting section and Luo?®) that formed ubiquitously in
ceramic materials above (as well as below) the bulk
solidus lines/curves,?® where the film thickness is often
limited by the presence of attractive long-range van
der Waals London dispersion (vdW-Ld) interactions
above the solidus lines/curves at ceramic GBs; here it

is again expected that yg;q‘) <274 < yé%) in typical cases
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above the bulk solidus lines (Figure 2). Thus, these
equilibrium-thickness IGFs are also considered as
“non-wetting” thermodynamically, despite that the
nanoscale IGFs cover the GBs continuously (and
Equation [2] is satisfied); see the An Example of
Generalized Grain Boundary Prewetting in Ni-Doped Mo
and Equilibrium Intergranular Films Versus Coupled
Grain Boundary Prewetting and Premelting sections for
further elaboration. Hence, it is emphasized that

yg;)q‘) =2y, < y(g(t)f for a case of complete wetting in
Figure 2(a), according to Equations (2) and (3).

PREWETTING AND COMPLEXION
TRANSITIONS

An Example of Generalized Grain Boundary
Prewetting in Ni-Doped Mo

In the prior section, it is emphasized that the
wetting phase should be arbitrarily thick for the case of
complete wetting. In contrast, a GB can be continu-
ously covered by a nanometer-thick quasi-liquid inter-
facial film of a thermodynamically-determined
“equilibrium” thickness'* (aka a “non-autonomous 2D
interfacial phase” defined by Defay and Prigogine®” or
a liquid-like “complexion,” as discussed further in the
A Broader Perspective: Grain Boundary Phase-Like
Transitions and Complexions section) below the bulk
solidus line, where the liquid is not yet a stable
(equilibrium) bulk phase, as illustrated in Figure 2(b).
A real example of such a case is shown Figure 3(c),
where nanometer-thick, Ni-based, liquid-like films are
stabilized at Mo GBs below the bulk solidus line,
where the bulk liquid phase is not yet stable (see
Figure 3).%%28 Again, this is not a case of (complete or
perfect) wetting; however, it may be considered as a case
of generalized prewetting® (coupled with premelting,
as discussed further in the Premelting in Unary Systems
and Equilibrium Intergranular Films Versus Coupled
Grain Boundary Prewetting and Premelting sections),
which was also called “moist”—intermediate to “wet”
and “dry"—by the late Dr. Rowland Cannon.*°-3!

In a broad definition, (generalized) prewetting
transitions refer to wetting transitions occurring when
the phases that do the wetting are not yet stable bulk
phases.?® To explain the case shown in Figure 3(c) in a
phenomenological theory, a Ni-enriched, quasi-liquid
film may appear and cover a Mo GB continuously below
the bulk solidus line, if:

vol
—AY= (Vg — 2Ya) > AGheaon - h (5a)
where AG;‘;ggrph_ - h is the volumetric free-energy penalty

for forming the metastable, undercooled, Ni-enriched,
quasi-liquid film of a nanoscale effective interfacial
width (thickness) of h (Figure 2[b]). It shall be further
noted that when the film thickness (h) is of the order of
1 nm or lower, the two crystal/liquid interfaces are no
longer independent and the film becomes “quasi-liquid”

CORROSION—Vol. 72, No. 7

because of the partial orders imposed by adjacent
crystalline grains. Consequently, effective interfacial
interactions arise, so that Equation (5a) should be
revised as:

Ay - f(h) > AGYo) - h (5b)

where f(h) is the dimensionless interfacial coefficient
(with the following boundary conditions: {(0)=0 and f
(+o0) = 1 by definition) that represents the effects of all
(thickness-dependent) interfacial interactions. This
proposed stabilization mechanism is schematically
illustrated in Figure 2(b).

Prewetting adsorption transitions in binary de-
mixed liquids were first discussed in the famous critical
point wetting model by Cahn in 1977.%° Figure 3(c)
can be considered as a generalized case of GB prewet-
ting occurring in the single body-centered cubic
phase region below the bulk solidus line, where pre-
wetting adsorption occurs in conjunction (and cou-
pled) with interfacial disordering (premelting).

Premelting in Unary Systems

The case illustrated in Figure 3(c) is in fact a case
of coupled prewetting and premelting in a binary alloy.
Here, premelting refers to the stabilization of a quasi-
liquid interfacial film at conditions that a bulk liquid
phase is thermodynamically unstable. Michael
Faraday initially proposed the “surface melting” or
“premelting” of ice below 0°C in the middle 19th
century, which was subsequently confirmed for ice by
extensive experiments and modeling, as well as
observed for other unary solids such as lead.??"3*

To some extent, premelting can be considered as
a special case of prewetting, where the (prejwetting
phase is the unstable liquid below the bulk melting
temperature. The term premelting is rigorously defined
for unary systems; it emphasizes the interfacial
structural disordering (whereas the term prewetting is
sometime used to emphasize interfacial adsorption/
chemical transitions).

GB premelting has been modeled by atomistic
simulations by many researchers.?”*? In the 1980s,
experimental materials scientists had also sought to
confirm the existence of GB premelting in unary
materials. In 1989, Balluffi’'s group reported that GB
premelting did not occur up to 0.999Tyeiiing for pure
Al*® which greatly discouraged further experimental
exploration in this field. In 2005, GB premelting was
discovered in a colloidal crystal.** Nonetheless, the
significance and importance of GB premelting in real
unary materials remains controversial.

Equilibrium Intergranular Films Versus Coupled
Grain Boundary Prewetting and Premelting

In the ceramics community, researchers have
long recognized the widespread existence of a unique
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class of impurity-based, equilibrium-thickness, in-
tergranular films or IGFs at ceramic GBs and
hetero-phase boundaries (see Critical Reviews?® and
references therein). These nanoscale IGFs can be
alternatively and equivalently understood to be:

(1) liquid-like interfacial films that adopt an “equilibri-
um” thickness of the order of 1 nm in response to
several attractive and repulsive interfacial forces acting
on the film (the Clarke model)*>*° or (2) a unique
class of disordered multilayer adsorbates with average
film composition set by bulk chemical potentials (the
Cannon model).*° More recently, metallic counterparts
(e.g., Figure 3[c])*'*"*® and free-surface counter-
parts>89-%8 to these ceramic IGFs have also been
observed, showing the widespread existence of anal-
ogous 2D interfacial phases. Interestingly, these
impurity-based, quasi-liquid interfacial films have
been found to form below the bulk solidus
lines,>!:26:28:47-48.59-61 hroyoking an analogy to the
phenomenon of premelting in unary systems.

A series of recent studies suggested that a class of
premelting-like interfacial films can be stabilized at GBs
over wider ranges of undercooling in multicomponent
materials, wherein GB disordering is enhanced by a
concurrent GB segregation (aka adsorption). In 2006,
Tang, Carter, and Cannon®? explained the formation of
subsolidus IGFs in binary systems from coupled GB
premelting (structural disordering) and prewetting
(chemical adsorption) transitions®® using a diffuse-
interface (phase-field) model extended from the Cahn
critical-point-wetting model,?® which was further
elaborated by Mishin, et al.® As prior indirect mea-
surements already indicated the occurrence of GB
premelting-like transitions in certain metallic systems
(e.g., Fe-Si-Zn),?%:%%%% more recent studies further
provided the direct high-resolution transmission
Monolayer (1)

(a) Intrinsic (0) Bilayer (2)

98989
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electron microscopy (HR-TEM) evidence for the
existence of premelting-like quasi-liquid IGFs below
the bulk solidus lines in metallic alloys (e.g., in Mo-Ni
system as shown in Figure 3[c] and W-Ni
system),21+47:60.67-65

A Broader Perspective: Grain Boundary
Phase-Like Transitions and Complexions

GB premelting and prewetting (discussed in the
previous section) can be considered as the representa-
tive GB structural and adsorption transitions, re-
spectively. In 1968, Hart had already proposed that
GBs can be considered as “2D interfacial phases” that
may undergo “phase” transformations.®®”® Subsequent
models developed by Hondros and Seah,”!'"?
Cahn,?%7375 Clarke,*"*¢ Carter, et al.,’>767® Wynblatt
and Chatain,”?"®° Mishin, et al.,?*#'%* and Luo,
et al.,'®85%7 further elaborated this concept. The
occurrence of first-order GB transitions was also
evident in Si-Au®® and TiO,-CuO-SiO,.5°

Tang, Carter, and Cannon®*”® named such 2D
interfacial phases as “complexions” based on an
argument that they not “phases” according to the
rigorous Gibbs definition because they have no identi-
fiable volume and cannot exist without abutting bulk
phases. In this regard, complexions are essentially the
“non-autonomous phases” defined by Defay and
Prigogine in early literature.?”

In 2007, Dillon and Harmer®°®? reported the dis-
covery of a series of six discrete GB complexions in doped
Al, O3 (Figure 4[a]). Recent studies'*16-21-6768:88 fi3r
ther revealed the existence of this series of Dillon-Harmer
complexions in metals (Figure 4[b]). To some extent,
this series of Dillon-Harmer complexions can be consid-
ered as derivatives of IGFs with discrete thickness of O,

1, 2, 3, x, and « atomic layers, respectively.

Trilayer (3)

IGF (x)

Complete Wetting ()

202
2od0eetee

R600000098000%

Structural Order T

(b)

Classical
Langmuir-McLean

Duscher, et al., Nat. Mater. 2004

Discrete Thickness ...

Luo, et al., Science 2011

Nano “Equilibrium”
Thickness

Arbitrarily
“Thick” Film

Shi and Luo, APL 2009

FIGURE 4. A series of 2D interfacial phases at GBs (Dillon-Harmer complexions) were observed in (a) doped Al,05,°" and (b)
various metals.”®2"47.79% This series of Dillon-Harmer complexions can be considered as IGFs with discrete thickness of 0, 1,
2, 3, x, and o atomic layers, respectively. Reprinted from Luo, et al., Science 333 (2011): p. 1730-1733,"° with permission.
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These findings and theories of GB complexions
and transitions provide new insights for under-
standing the atomic-level mechanisms for solid-state
activated sintering,*?-69:67-85-87.94-95 ghnormal grain
growth,”99%:9¢ and LME, '>'© each of which has puzzled
the materials science community for more than half a
century.

This emerging research area has recently been
reviewed by Cantwell, et al.,’* and by Kaplan, Chatain,
Wynblatt, and Carter.”®

Development of Grain Boundary Diagrams
as a New Materials Science Tool

As shown in Figure 2(b) and Equation (5), a
quasi-liquid IGF can be thermodynamically stabilized.
In a sharp-interface model, the relative interfacial
energy can be expressed as:

o(h) - 6(0) =Ay - f(h) + AG(o - h (6)

where 6(0) Ey(g%> by definition. Subsequently, a ther-
modynamic variable, A, was defined to represent the
maximum thickness of a quasi-liquid interfacial film
that can be stabilized at an average GB without con-
sideration of interfacial interactions:

A =Max[-Ay/ AG;‘:AI(ZYPH] @

The computed A value represents the thermo-
dynamic tendency to stabilize a quasi-liquid IGF at an
average general (random) GB, and it scales the actual
interfacial width (which, in this sharp-interface model,
corresponds to the global minimum in Equation [6]
that corresponds to an “equilibrium” thickness heq.
and equilibrium GB energy y(g%q') =0(heq) < 'Yé%); see
Figure 2[b]). Subsequently, A and plot lines of constant A
in bulk phase diagrams can be quantified to con-
struct a new kind of “GB A diagrams.” An example is
shown in Figure 3(a) for Ni-doped Mo.

The correctness and usefulness of these GB A
diagrams have been systematically validated by
experiments. First, the model predictions were cor-
roborated with direct HR-TEM and Auger electron
spectroscopy analysis (see Figure 3 for an exam-
ple).2147:69:67:85 Second, the computed GB A diagrams
(with no free parameters) correctly predicted the onset
sintering temperatures, as well as trends in sintering
rates for binary®”#°-9% and multicomponent®” alloys.
Third, the predicted GB solidus temperature was con-
sistent with a prior direct GB diffusivity measurement
for W-Co using radioactive tracers.®>°® Moreover, the
estimated GB diffusivity as a function of temperature
and overall composition for Mo-Ni correlated well with
the computed binary GB )\ diagram.®” Most inter-
estingly, a counterintuitive phenomenon of decreasing
GB diffusivity with increasing temperature predicted
by the computed GB A diagram of the Mo-Ni system was

CORROSION—Vol. 72, No. 7

subsequently verified experimentally for a Mo + 0.5
at% Ni alloy.®®

It is emphasized that these GB A diagrams, such
as the one shown in Figure 3(a), represent the ther-
modynamic tendency for average general GBs to
disorder, while the GB-to-GB variations for general GBs
should and have also been estimated, see, e.g.,
Luo.®”°° However, special GBs usually need to be
treated case by case, which are not considered in this
model. Furthermore, this model does not consider the
possible faceting resulting from the anisotropy in
interfacial energies and its consequence.

These GB A diagrams, although they can predict
useful trends, are not yet rigorous GB “phase” (com-
plexion) diagrams. Current studies are in progress to
develop rigorous GB complexion (phase) diagrams with
well-defined transition lines and critical points. It is
expected that both the GB A diagrams and rigorous GB
complexion diagrams can generate useful trends to
help understand and control LME and LMC, as well as
many other materials properties by avoiding tem-
peratures and chemical environments where detri-
mental GB complexions may form. Or, they can be
used to find the suitable doping/alloying strategies and
heat treatment protocols to control and adjust GB
structures and chemistry to remediate embrittlement or
improve corrosion resistance and other material
properties.

As bulk phase diagrams are among the most
useful tools for designing materials processing and
properties, it is expected that GB “phase” (complex-
ion) diagrams can be an equally-important tool for use
in materials science in general, as well as for un-
derstanding and controlling LME and LMC specifically.

LIQUID METAL EMBRITTLEMENT IN NI-BI
AND CU-BI

Intrinsically ductile metals, such as Ni, Cu, and
Fe, are prone to catastrophic failure when exposed to
certain liquid metals.*'! Specifically, Ni-Bi and Cu-Bi
are model LME systems, where it was well established
that the adsorption of Bi at Ni or Cu GBs in front of the
penetration tips embrittled the GBs.*“?'°! However,
the exact atomic level mechanism of this LME phe-
nomenon in Ni-Bi and Cu-Bi has been the subject of
scrutiny and debate for decades.

A recent experimental study revealed the for-
mation of Bi-based bilayer adsorption as the origin of
LME in Ni-Bi (Figure 5[a]).'® This underlying em-
brittlement mechanism is somewhat similar to how
soap molecules separate grease from a surface.
Basically, Bi atoms penetrate into GBs of Ni to form
bilayer adsorption, with one monolayer of Bi adsor-
bates strongly bonded to each of the two grain surfaces,
whereas the two adsorbed Bi monolayers are weakly
bonded to each other, leading to extremely low GB
cohesion. Two subsequent independent studies of
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Microscale

intergranular penetration

Ni-Bi

Qpigi = —14.8 kd/mol
(Miedema)

Bi-based liquid

Aberration-corrected
HAADF STEM

(b)

Cu-Bi

Qcy.pi = +14.2 kd/mol
(Miedema)

A ~0:1° tapering/dihedral-angle!
~55 nm Bi

nm¥HAADF 2 nm

Scrip. Mater. 2013

FIGURE 5. (a) Bi-based bilayers formed at Ni general GBs; weak cohesion between Bi adsorbate layers, each of which are
strongly bonded to the abutting grain surfaces, is the root cause of LME in Ni-Bi. (b) Comparison of Ni-Bi vs. Cu-Bi systems.
While the bilayers are ubiquitous in Ni-Bi, they only exist in a small Bi chemical potential window in Cu-Bi, in front of a very
long, nearly-wetting, Bi-based liquid fim. The difference in the bilayer stability can be well explained by different mixing
enthalpies of the two systems, where a significant negative mixing enthalpy for Ni-Bi favors the formation of bilayers.
Re-plotted after Kundu, et al., Scrip. Mater. 68 (2013): p. 146-149,"° and Luo, et al., Science 333 (2011): p. 1730-1733,"¢ with

permission.

quantum-mechanical density functional theory
(DFT) calculations further supported this proposed
mechanism. 9213

Bilayers were also observed in Cu-Bi (Figure 5[b]). 15
A comparison of Ni-Bi and Cu-Bi offers further
insights. While bilayers are ubiquitous in Ni-Bi, they
only exist in a small Bi chemical potential window in
Cu-Bi, in front of a long, nearly wetting, Bi-based liquid
film (Figure 5[b]). This difference in the bilayer sta-
bility can be explained by the different mixing enthalpies
(Figure 5[b]), where a large negative mixing enthalpy
for Ni-Bi favors the formation of bilayers.'®'6

In a broader perspective, the studies of LME in
Ni-Bi and Cu-Bi strikingly demonstrated that adsorp-
tion (GB segregation) can induce a GB phase-like
(complexion) transition that causes drastic changes in
properties.'® !¢ LME is a special (severe) case of GB
embrittlement.'*'%7 All three classical GB embrittle-
ment models were discussed mostly based on the
McLean-Langmuir type segregation model, where the
reduction of GB cohesion was explained by an elec-
tronic effect,’?*'°® an atomic-size-difference (strain)
effect,'° or the changes in relative interfacial energies
(the Rice-Wang model).'%® In addition to the
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observations of bilayers in Ni-Bi and Cu-Bi

(Figure 5),'°"'® disordered (glass-like) nanoscale IGFs
have been observed directly by HR-TEM for two GB
embrittlement systems, i.e., W-Ni and Mo-Ni (see, e.g.,
Figure 3|c]), where the embrittlement mechanisms
may be related to the general brittleness of metallic glass
(or, presumably, metallic glass-like complex-
ions).?"*” These results collectively point one toward
revisiting GB embrittlement models to consider the
effects of GB complexion (particularly structural)
transitions.

CO-DOPING EFFECTS ON GRAIN BOUNDARY
PENETRATION AND LIQUID METAL
CORROSION

The development of GB grooves (Figure 1) has
been studied in the context of two related materials
phenomena—LME as discussed in the prior section
and LMC.'-1%9"113 LMC (as well as LME) is technologi-
cally important for understanding and controlling hot
dip galvanization, welding, soldering, and the safety of
liquid metal cooled nuclear reactors.':'%°"''3 LMC
studies focus on the dissolution at the solid/liquid
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interfaces, where preferential intergranular dissolu-
tion and penetration are often the dominating corrosion
processes.

Specifically, the impurity effects on LMC have
been investigated in the context of seeking corrosion
inhibitors, e.g., the addition of Zr and Ti can signifi-
cantly inhibit the LMC of carbon and low alloy steels in
the Pb-Bi liquid, but it does not have considerable
effects for the stainless steels.'*'%°"!'? These corrosion
inhibitors prevent the dissolution of solids by pro-
moting the formation of the protective oxide layers on
the solid surfaces.

This section reviews a recent study'” of the in-
trinsic impurity/co-doping effect on LMC without
surface native oxide layers, which is practically im-
portant because it represents the late stage of corrosion
after breaking the native oxides''® but has not been

Ni (99.9945%)

1Bi-0.36Ni

Ni (99.9945%)

1Bi-0.36Ni-0:014Sn
(1 at% Sn)

Ni (99.9945%)

systematically investigated prior to 2012. In general,
investigating the impurity effects on intergranular
penetration is important because the presence of im-
purities or internally added alloying elements is
prevailing. Moreover, understanding the impurity
effects can offer a new route to control LMC via
alloying.

Using Ni-Bi as the model system, this recent
study'” demonstrated significant enhancements of in-
tergranular liquid metal penetration and LMC upon
adding small amounts of impurities in either the solid or
the liquid (Figure 6). Specifically, a variety of inter-
granular penetration kinetics and morphologies were
observed and explained via the interplay of interfacial
segregation, wetting, various bulk phase transforma-
tions, and stress generation. The key results are
summarized as follows.

(a2)

Ni (99.5%)
(0.21%'Mn, 0.14% Fe, 0.1% Si)

(b2) BN
(1 at% Mn)

Ni (99.9945%)

(2N 1Bi.0.36Ni-0.014Fe
(1 at% Fe)

Ni (99.9945%)

FIGURE 6. SEM cross-sectional images of (a1) a pure (99.9945 at% Ni) specimen and (a2) an impure specimen (in at%: 99.5
Ni, 0.21 Mn, 0.14 Fe, and 0.1 Si) of similar average grain sizes of ~75 um after annealing in contact with initially pure Bi liquids
at 700°C for 5 h. (b1) through (b4) The effects of the addition of impurities in the liquid on the intergranular penetration of pure
(99.9945 at%) Ni. Representative cross-sectional SEM images for specimens penetrated by (b1) a Bi + 0.36Ni liquid without
other impurities (as the reference) vs. Bi-0.36Ni liquids with the addition of 1 at% of (b2) Mn, (b3) Sn, and (b4) Fe,
respectively. The initial liquid compositions are labeled. All specimens were annealed at 700°C for 5 h. Re-plotted after As/
and Luo, Acta Mater. 60 (2012): p. 149-165,"” with permission from Elsevier.
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a Z Z
(a) Ni grain
Bi-based
liquid o (
Ni grain
(b) U Ni grain
_AGM(S-L) .
e, / —AGy©®
i-base °
liquid T .S
L]
Ni grain

—AGM(S"-) > —AGM(GB) 0, < 64 e Impurity (M)

FIGURE 7. Schematic illustration of the proposed mechanism for the
observed impurity enhanced the intergranular penetration. The ad-
sorption of the impurity/co-doping elements will reduce crystal/liquid
interfacial energy more than the GB energy, leading to a reduction in
the dihedral angle that subsequently enhances intergranular pene-
tration. Reprinted from Asl and Luo, Acta Mater. 60 (2012): p. 149-
165,”” with permission from Elsevier.

First and foremost, the presence of minor impurities
(in either the solid or the liquid) can significantly
enhance the intergranular penetration (Figure 6). For
example, <0.5 at% total impurities in the solid Ni
could increase the penetration length by six times.'”

Second, a new analytical model has been derived
for the impurity/co-doping effect on changing the
equilibrium dihedral angle for the dilute solution
limit, which subsequently enhances the penetration
kinetics. Interested readers are referred to Asl and
Luo'” for the details of this model; the key concept is
illustrated in Figure 7, where adsorption of an im-
purity can reduce the solid/liquid interfacial energy
(27(5(1')) faster than the GB energy (y(giq')) because the
segregation energy is generally more negative at the
solid/liquid interface (- AG{V? B < —AG&S*L), as shown in
Figure 7). This should reduce the average equilibrium
dihedral angle (85 < 6; in Figure 7) to further enhance
the intergranular penetration based on the well-
established LMC models (the Mullins model!!4-11®
and the Glickman-Nathan model'®). For example, the
penetration length would increase by 4.7 times if the
average equilibrium dihedral angle 6 was reduced from
~44.7° to 10°, which is consistent with the experi-
mental observation.'”

This key concept in this model followed a similar
idea proposed in the Rice-Wang model'°® for GB
embrittlement, where they proposed that the reduction
in GB cohesion is because the surface segregation
energy is greater in magnitude (more negative) than the
corresponding GB segregation energy. A similar
mechanism was also used by Glickman''® to explain the
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“alloying effect” in enhancing stress corrosion
cracking, and by Zhang and Luo'” to explain the triple-
line instability in Ni-Bi-S system; the latter case is
discussed in the next section.

Furthermore, when the initially pure Bi was
applied, the intergranular penetration could be en-
hanced as a result of a dissolution effect, and this
enhancement could be magnified when it interacted
with the impurity effects. This is strikingly shown in
the comparison of Figures 6(al) vs. (a2).

Finally, effects of adding three specific co-
dopants (Mn, Sn, and Fe) on the LMC of Ni-Bi are briefly
summarized as follows (see Figures 6[b1] through [b4]
for a comparison; more details can be found in Asl
and Luo'”):

® Mn or Sn co-dopants (initially added to the
liquid) were rejected from the liquid and dissolved
and diffused into solid Ni grains, generating
compressive strains and leading to different
intergranular wetting and penetration
morphologies (Figures 6[b2] and [b3] vs. [b1]).

* Because the interfacial segregation of Mn is
moderate, adding a small amount of Mn only
enhanced intergranular penetration moder-
ately (Figure 6[b2]), while adding a large amount
of Mn enhanced the penetration significantly
more (see Asl and Luo'”).

¢ In contrast, adding a small amount of strong
segregating element Sn already enhanced the
penetration significantly (Figure 6[b3]), but
adding a large amount of Sn did not enhance the
penetration much further (see Asl and Luo'”)
because segregation already reached the
saturation levels.

* Fe co-dopants precipitated out as solid parti-
cles, which consumed some Ni from the liquid
and drove the Ni to be dissolved to the liquid
from the Ni grains. This dissolution process
significantly enhanced intergranular penetra-
tion even if Fe only segregates weakly. This
different mechanism resulted in rough solid/
liquid interfaces and the tapering of the inter-
granular liquid channels (Figure 6[b4]).

The basic concepts and framework developed in
that study'” (and summarized above) can be generalized
to understand the impurity effects on LMC in other
materials systems.

TRIPLE-LINE WETTING

When the interfacial energies can be assumed to
be isotropic for simplicity, Equation (3) indicates the
occurrence of GB wetting when the yg, /v ratio is two.
Moreover, in an isotropic approximation, triple-grain
junctions can be wetted by the liquid phase if:

Yo o /3 ®)
Ycl
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4-Grain
junction

GB faceting

Triple line %

20 um

Triple line

fractured)\

FIGURE 8. Wetting of the triple-grain junctions by liquid phases in
the LME system Ni-Bi; the images are SEM micrographs of inter-
granularly fractured specimens. Reprinted with revisions from the
Supporting Online Materials of Luo, et al., Science 333 (2011):
p. 1730-1733,7° with permission.

which have been observed in Ni-Bi (Figure 8),'¢ W-Ni,*”
and several other systems. The occurrence of triple-
line wetting is relevant to both LMC and LME as it
provides fast transport pathway along the network of

Yg b

Grain 1

Grain 2

Yab

o

>3

triple-grain junctions, which is particularly important
for LMC, but can also play a significant role for LME
kinetics (of forming embrittled GBs after contacting the
liquid metal); moreover, cracks may also nucleate at
the wetted triple junctions.

In an extreme case, triple-grain junctions can also
be wetted by a gas (vapor) phase if:

T /3 9)
Ts

where s is the surface energy. This triple-junction
wetting by a gas phase will lead to triple-line insta-
bility or the formation of holes at triple-grain junctions.
This unusual phenomenon has been observed for
S-doped Ni annealed in the Bi vapor (Figure 9). 12

This unusual phenomenon of triple-line instability
(Figure 9) is related to the bilayer formation in this
system (Figure 5[a]), where the two adsorbed Bi layers
bonded weakly; thus, a first order of approximation
(see Zhang and Luo'? for details) estimates:

Yoo AYOE

Ts Vs

(10)

where Ay(Bi‘Bi) is the cohesive energy (per unit area)
between two adsorbed Bi layers, which is small (as
verified by two DFT calculations'%?'%%) so that yg,/¥s
can be large.

Yet, unstable triple-lines were only observed in Bi
and S co-doped Ni, 2 where both S and Bi are known to
strongly segregate at surfaces and GBs. Analogous to
the Rice-Wang model,'°® segregation of the S
co-dopants will reduce 2ys more than vy, because the
surface segregation enthalpy is generally greater in

Tgb

Grain 2
Ts

Grain 1
¥s

Ygb Ts Ygb

Grain 3

20 out of 89 triple junctions examlned in electrodeposned Ni annealed in Bi vapor at 800°C

FIGURE 9. Observation of triple-line instability for electrodeposited Ni annealed in Bi vapor, which can be explained as
wetting of the triple-grain junctions by a vapor phase. Reprinted from Zhang and Luo, Scrip. Mater. 88 (2014): p. 45-48,"% with

permission.
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magnitude (more negative) than GB segregation en-
thalpy. Thus, co-segregation of S may further increase
the ratio of yg,/¥s to > ~v/3 to induce triple-line in-
stability. See Zhang and Luo'? for details.

In the current case, open channels were only
observed at a fraction of triple lines/junctions, which
can be explained by anisotropy in the interfacial
energies (both Y4, and vg)."”

In summary, triple-grain-line wetting by the
Bi-rich liquid phase was observed for Ni-Bi (Figure 8),
which can significantly impact both LMC and LME. "¢
Moreover, an unusual high-temperature capillary
phenomenon of triple-line instability (wetting by a gas
phase to form open channels) was reported for (Bi + S)
co-doped Ni (Figure 9), which is rare because it
requires a critically large vg,/vs ratio (> V3 with an
isotropic approximation). This unusual triple-line
instability is likely resulted from strong interfacial
segregation of both Bi and S and related to bilayer
formation. This phenomenon is correlated with severe
GB embrittlement, and it can significantly affect
corrosion resistance in the vapor phase.

CONCLUSIONS

% A short review of both the history of and recent
advancements in the high-temperature wetting and
complexion transitions in metallic alloys has been
given, with a particular focus on a critical assessment of
their influence on LME and LMC. In addition to the
relevant theories of 2D interfacial phases (aka com-
plexions), the review is focused on recent studies of
Ni-Bi- and Cu-Bi-based systems in several connected
areas. At the atomic level, recent experimental studies
revealed the formation of Bi-based bilayers in Ni-Bi and
Cu-Bi, which are responsible for LME of these sys-
tems.'®"'6 At the microstructural level, the presence of
minor impurities or co-alloying elements can signif-
icantly enhance the intergranular penetration and
corrosion, and the interplay of bulk phase transitions,
interfacial segregation and wetting, transport process-
es, and stress generation could result in a variety of
intergranular penetration behaviors and morpholo-
gies.'” Moreover, triple-line wetting by a liquid metal
were observed for Ni-Bi,'® which can significantly affect
LMC and LME. Finally, an unusual phenomenon of
triple-line instability in (Bi+S) co-doped Ni;'? this phe-
nomenon is related to the embrittlement and corro-
sion caused by a gas phase (e.g., that contains Bi or S
vapor). A coherent theme of this review article is to
assess the previously-unrecognized roles of high-
temperature adsorption, wetting, and complexion
transitions in LME and LMC.

% Several important issues that have not been dis-
cussed in sufficient detail in this short review will also be
acknowledged. First, the interfacial energies are
generally anisotropic; specifically, GBs have five mac-
roscopic degrees of freedom. Thus, the actual GB
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behaviors, such as the occurrence of GB wetting and
complexion transitions, often depend on the GB
character. Most of the discussions in this short review
are about the behaviors of average general GBs,
whereas the GB-to-GB variations have also been esti-
mated (see, e.g., Luo®”-°%); moreover, special GBs
may need to be treated case by case (more effectively by
atomistic modeling, as compared with general GBs)
and faceting transitions should also be considered.
Second, this review is focused on the wetting and
complexion transitions under (or near) equilibrium
conditions. Practically, kinetic limitations to equili-
bration often exist and play important roles. Applied
stresses and non-equilibrium defects caused by
radiation can further complicate the situation, e.g.,
both complexion stability and transformation ki-
netics can be affected. These factors can become
important for understanding the LMC and LME in
liquid metal cooled nuclear reactors. Finally, this
review emphasizes experimental results that are
directly relevant to LMC and LME, as well as the basic
underlying physical concepts (and simple theories);
more in-depth discussions about the relevant (general)
theories and models of wetting and complexions

can be found in several prior comprehensive
reviews, 14:20.53.78.87.95,117-119
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