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b Ames National Laboratory, U.S. Department of Energy, Ames, IA 50011, USA 
c Department of Materials Science & Engineering, Iowa State University, Ames, IA 50011, USA 
d Advanced Nuclear Energy Research Team, Department of Nuclear Science and Technology, College of Physics and Optoelectronic Engineering, Shenzhen University, 
Shenzhen 518060, China   

A R T I C L E  I N F O   

Keywords: 
Grain boundary embrittlement 
First-principles calculations 
Interface wetting 
Cracking 

A B S T R A C T   

We report an ab-initio study of grain-boundary wetting (GBW) in three systems (Fe/Zn, Fe/Pb & Fe/Bi) on a Σ5 
(013)[100] tilt grain boundary. An energy-based approach is pursued and adapted to the study of liquid-metal/ 
solid-metal interfaces. We provide a sound calculation of the wettability parameter S (i.e., defined as the min
imum energy difference between the unbroken initial state and final state with liquid-metal/solid-metal in
terfaces). Solid/liquid interfaces are modelled by ab-initio molecular dynamics, also allowing a study of 
structural effects in the liquid phase near the solid interface. We show how surface energies for solid-metal/ 
liquid-metal interfaces need a special treatment for the liquid-metal chemical potential due to the change in 
crystallinity near the interface. The computation of the wettability criterion for the three systems correctly 
predicts the GBW trend known experimentally for these systems. The computations are compared with small- 
scale TEM experiments on GBW of two systems (Fe/Pb and Fe/Bi) and it is shown to provide reasonable re
sults. This approach offers new perspectives in predicting GBW trends across various systems.   

1. Introduction 

Grain boundaries (GB) of metallic polycrystalline materials can suf
fer from grain-boundary wetting (GBW) when in contact with low 
melting point liquid metals [1]. This is observed in several binary sys
tems where the polycrystalline solid phase evolves spontaneously to
wards the replacement of grain boundaries with an intergranular film of 
liquid metal of nanometer-sized thickness. The nanoscale intergranular 
layer spontaneously forms as a first wetting step before eventually 
becoming much larger by dissolution diffusion phenomena. Another 
process where one observes GBW is by alloying several elements (often 
immiscible) followed by high-temperature annealing above the dis
ordering or phase decomposition temperature [2]. After thermal 
annealing, the thermodynamic equilibrium state is reached with GB 
segregation of impurities or as a complexion of the GB [3]. Generally, 
when GBW occurs, in some cases above a transition temperature, it leads 
to detrimental mechanical properties with brittle fracture at the inter
granular film. The known couples are Al/Sn, Cu/In, Al/Pb-Sn, Al/Ga, 
Al/Sn-Ga, Cu/Bi, Fe-Si/Zn, Mo/Ni, W/Ni, Zn/Sn and Ni/Bi [1,2]. The 

kinetics of such spontaneous processes can be truly astounding with GB 
penetration speed reaching hundreds of micrometers per second in the 
Al/Ga case or leading to disastrous brittle fracture or complete ruin of an 
otherwise ductile material like Cu/Bi [4,5]. With ferromagnetic bcc al
loys, a well-known case of GBW is Fe-5 %Si/Zn above 650 ◦C [6]. At the 
same time, GBW does not spontaneously occur in other systems such as 
Fe/Pb [7]. No experimental data has been reported up to now on the 
Fe/Bi couple. Instead these former systems when tested against 
liquid-metal embrittlement (LME) require additional mechanical strain 
in order to fracture in a brittle manner at grain boundaries; it is then not 
proven that GBW systematically plays a role in LME in particular for that 
class. The conventional analysis behind this major difference in GB 
wettability behavior is supposed to be captured by the energetics of the 
interface being driven towards GBW if energetically favorable, while the 
classical LME behavior only occurs as a result of the reduction of 
cohesion by adsorption of liquid metal at the crack tip [8]. In the GBW 
case, transport of liquid species precedes as a requirement or as an 
aggravating factor for LME. 

Wettability of interfaces is classically described energetically using 
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the energy difference between the final (broken) and initial (unbroken) 
states [9]. For partial wetting, the deviation from equilibrium is a 
relevant measure of the driving force of the liquid spreading evolution 
[10]. For the GBW process, the quantity of interest is the wettability 
parameter, which is denoted as S and defined as the energy difference 
between two times the solid-liquid surface energy (eventually depend
ing upon the liquid metal chemical potential) and the GB energy, i.e.: 

S(μLM) 2γFe LM
SL (μLM) γGB (1) 

In case of a negative energy difference (S<0), the system should 
evolve towards the formation of an intergranular film characterized by 
two solid-liquid interfaces, i.e., a GBW transition. For a positive energy 
difference (S>0), the GB is deemed more favorable energetically. In such 
case, the solid-liquid system should not evolve from an initial state 
characterized by a triple line and the GB is to remain bonded unless one 
provides sufficient mechanical strain energy to allow for a brittle frac
ture dissipation induced by adsorption (i.e. standard LME process). 

The major difficulty in studying this issue is to correctly assess solid- 
liquid interfaces at the atomic level (on the structural as well as ener
getical point of view). Experimentally it is not feasible to assess the solid- 
liquid interfacial energetics for all the systems that one would like to be 
able to investigate, with a few exceptions like aluminum-based systems 
[11]. Indeed, one could turn towards wetting studies on a surface by the 
sessile drop technique to measure solid-liquid energetics, but this does 
not allow the investigation of systems showing total wetting. In that 
case, only an upper solid-liquid interfacial energy limit can be inferred, 
due to the absence of a triple junction with a non-null Young’s angle. 
Therefore, only partial wetting cases can in principle be interpreted. 

Modelling a solid-liquid interface by ab-initio simulations is there
fore a reasonable alternative. The systems of interest here are chosen to 
give unequivocal response. In this respect, describing GBW or its non- 
occurrence is very desirable as it would validate the ability of ab-initio 
methods to predict these behaviors (at least when extrapolated at 0 
K). This requires one to model the solid/liquid interfaces by ab-initio 
molecular dynamics (AIMD) in a first step, then also allowing a study 
of structuring effects in the liquid phase in the vicinity of a solid surface. 

Studying the liquid structure by AIMD (static or dynamic properties) 
is a well-established technique where Pb and Bi for example have been 
modelled since the nineties [12,13]. AIMD has been shown to be able to 
reproduce several important experimental features of the liquid dy
namics (structural and electronic levels) [14]. Pb and Zn are considered 
as simple liquids with a conventional molecular behavior. On the other 
hand, Bi has a complex molecular structure in the liquid state with either 
a double structure [15] or a remnant from a Peierls’ instability even in 
the liquid state [16]. 

For such purpose, the selected systems are the Fe/Zn, Fe/Pb and Fe/ 
Bi binaries. The Fe/Zn system has a clear GBW transition above 650 ◦C, 
which is of concern in industrial context for welding of galvanized steel 
sheets [6]. On the other hand, experiments indicate that the Fe/Pb bi
nary (and supposedly also Fe/Bi) does not display such spontaneous 
transition [7], while Fe can be strongly embrittled by liquid Pb under 
tensile loading [17]. In the context of the established LME concern for 
Fe/Pb-Bi systems, the question of their GBW trend is of prime 
importance. 

An ab-Initio study is here carried out of liquid-metal (LM)/solid- 
metal (SM) interfaces (Fe(013)/LM) in the three systems (Fe/Zn, Fe/Pb 
& Fe/Bi). An energetic approach of GBW is then pursued and adapted for 
a Σ5(013)[100] tilt GB in iron taken an example of a general GB. The 
calculation of the wettability parameters S for each system is pursued 
and a subsequent discussion of GBW is carried out. 

2. Computational details 

The first-principles scheme utilized to model solid-liquid interfaces 
uses AIMD and total-energy calculations within the density functional 

theory (DFT) framework, as implemented in the Vienna Atomic Simu
lation Package (VASP, version 5.4.4) [18–20] using plane-wave basis set 
and projector-augmented wave (PAW) pseudo-potentials, within a 
Generalized-Gradient Approximation (GGA) via the PBE 
exchange-correlation functional [21]. The Monkhorst-Pack scheme was 
systematically used for k-point sampling of the Brillouin zone [22]. The 
cutoff energy for plane-wave basis was set to 520 eV for all calculations. 
The electronic minimizations were carried out using a first-order 
Methfessel-Paxton smearing of 0.05 eV [23]. Extra valence electron 
d-states were included for Pb (5d106s26p2) and Bi (5d106s26p3), while 
the standard electronic configuration was used for Zn (3d104s2) and Fe 
(3d74s1). Spin-polarized calculations were used for all calculations. For 
each supercell, the correct alignment of Fe spins (ferromagnetic state) 
was checked at every MD step (relaxation and final convergence). 

The ground states for the elements considered in this work (Fe, Pb, Bi 
and Zn) as modelled by DFT-GGA are reported in the table below. Our 
results are consistent with previous studies for these elements [24–26]. 
For Bi, not including the spin-orbit (SO) coupling is known not to affect 
charge density computations and therefore it was not included in com
putations with heavy elements [25]. Including SO effects for Pb largely 
reduces the difference between the experimental measurement and the 
first-principles value of cohesive energy [26]. It does not affect the 
surface energies computations. 

To model a solid-liquid interface one runs an AIMD simulation of the 
liquid in a slab geometry in contact with an iron solid surface at high 
temperature. Several liquid-like configurations can then be generated to 
be used as a starting point for further structural relaxation. The GB 
chosen here is a Σ5[100](013) Coincident Site Lattice (CSL) type GB 
(symmetric tilt of 36.8◦ around <001>). Therefore, an iron {013} sur
face was chosen to face the liquid phase. It is taken to be representative 
of a general GB from the energy point of view. The configuration 
allowing to model a solid-liquid interface is a liquid layer sandwiched 
between an iron slab with a normal along a <013> direction. 20 layers 
of six iron atoms (so a total M of 120 iron atoms) are used in an 
orthorhombic supercell of 0.849 nm x 0.895 nm x 3.579 nm size (axis 
oriented along [1–30], [00–1] and [310] directions) with periodic 
boundary conditions. The number of liquid atoms (hereafter N atoms) is 
adjusted for each liquid metal so as to reach a density close to the 
equilibrium one as well as ensuring that the external pressure after 
relaxation remains below 5 kBar. With this constraint, the Fe/Pb 
supercell, in addition to Fe atoms, contains 40 Pb atoms while the Fe/Bi 
one contains 36 Bi atoms and the Fe/Zn one contains 86 Zn atoms. The 
supercell transverse size allows for a liquid channel nearly 1.8 nm thick 
(a “nano-channel”). 

The calculation sequence is the following: First, up to 60 ps of total 
MD time with a 5 fs time step were simulated for each system using a 
Nosé thermostat to regulate the temperature at 1000 K. All the atoms of 
Fe are held fixed during the MD run. Only the gamma point is used to 
sample the Brillouin zone at this stage. The average force felt by each 
atom, the energy, pressure and the temperature are recorded at every 
step to be able to select a configuration labelled as a “liquid” configu
ration. So, at a late time of the MD simulation, where the effect of the 
initial configuration is deemed erased, a supercell configuration is 
selected based upon a force (local minimum of the average force felt by 
all atoms) or an energy criterion (local minimum of the cell energy) with 
simultaneously a low pressure within the supercell. 

Second, relaxation of the supercell towards fully relaxed forces 
(average force < 0.02 eV/Å− 1) is carried out while checking that the 
external pressure remains lower than 5 kBar (This is the criterion that 
was used to select the number of liquid-metal atoms in the supercell). 
The 12 inner layers of (013) of Fe are held fixed at the equilibrium Fe 
unit cell while 4 outer layers of Fe are allowed to relax at each interface 
(periodic boundary conditions ensure that there are two solid-liquid 
interfaces in the cell). The k-points mesh used to relax is 4 × 4 × 1. 
Some initial configurations led to a full recrystallization of the liquid 
during relaxation, so they were further disregarded and the process 
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repeated with another starting configuration until a satisfying structural 
configuration exempt from a full crystallization was obtained. Lastly, 
upon structural relaxation convergence, a final calculation is carried out 
using a finer k-points mesh (8 × 8 × 2) to ensure that the energy 
calculation (E0) is well k-point converged. 

The solid-liquid interface energy (in J/m2) is then obtained as a 
function of the chemical potentials (M Fe atoms and N liquid-metal 
atoms) in the following way: 

γFe ML
SL (μLM)

1
2A

(E0 MμFe NμLM) (2)  

with A 0.759855 nm2 (0.849 nm x 0.895 nm), M 120. E0 is the 
converged cell energy, the iron chemical potential is taken from the bulk 
state. The chemical potential to be considered for the liquid metal is 
estimated by comparing the crystalline state versus a “liquid” or 
amorphous-like state. Here the strategy is to calculate the range of 
chemical potential spanned by a transition from the crystalline state to 
an amorphous one. This is justified as the liquid state evolves from a 
layered structure close to the iron (310) surface compared to a more 
amorphous structural organization a few layers away from it. This leads 
to a dependence of surface energies to the chemical potential between 
these two extreme cases. The discussion on grain-boundary wetting will 
be led using the same approach. 

3. Experimental grain-boundary wetting analysis for Fe-Bi cast 
alloy 

Estimates of the solid-liquid interfacial energy are available for Fe/ 
Zn and Fe/Pb. For Fe/Zn, based on fit of the hydrostatic pressure 
dependence of GBW and estimates by Miedema et al., it has been 
considered that γSL ≈ 0.3 ± 0.1 J

m2 [27]. For Fe/Pb, using annealed 
Fe/Pb (873 K) sintered powder samples data observed by TEM [7], it has 
been evaluated using the dihedral angle technique at γSL ≈ 1.2 J

m2 [28]. 
To provide for an experimental estimate of the solid-liquid interface 
energy for the remaining system of interest here (i.e., Fe/Bi), the 
methodology of studying the equilibrium dihedral angle at a junction 
between a grain boundary and a liquid inclusion was pursued similarly 
to previous studies [7,28]. An Fe-10wt% Bi alloy was prepared by 
vacuum-induction melting. The residual oxygen in the ingot was 
measured to be 0.001248wt%. A small sample was cut from the ingot 
and then sealed in a quartz tube under high vacuum, followed by 
annealing in a furnace at 350 ◦C for 2 h (above the melting temperature 
of bismuth). Afterwards, the tube was taken from the furnace and 
immediately threw into ice water to quench the sample. The triple 
junction at a random GB in contact with an inclusion of bismuth was 
characterized by FIB machining of TEM lamella (see supplementary). 
The dihedral wetting angle at a random GB was consistently measured at 
102◦ for three triple lines. 

4. Results 

4.1. Liquid structure 

The purpose of investigating the liquid structure is twofold. One 
would like first to check that the liquid phase can be simulated properly. 
One criterion is that the pair distribution function should be reasonably 
reproduced giving access to realistic configurations in the liquid phase 
by the modelling scheme. Second, one needs to reasonably estimate the 
range of chemical potential to consider an estimate of solid-liquid 
interface energy. For such purpose, realistic configurations need to be 
modelled and used to define this energy. The liquid structure was 
investigated for Bi and Pb using a cubic supercell (1.666 × 1.666 ×
1.666 nm3 for Bi and 1.6 × 1.6 × 1.6 nm3 for Pb) filled with 125 atoms 
(Bi or Pb, respectively) in periodic boundary conditions. A cubic 
supercell (1.165 × 1.165 × 1.165 nm3) with 100 atoms was used for Zn. 

The corresponding density is 9.384 g⋅cm− 3 for liquid Bi as compared 
with an experimental density of 9.87 g⋅cm− 3 at 700 K, while the cor
responding density is 10.503 g⋅cm− 3 for liquid Pb as compared with an 
experimental density of 10.5 g⋅cm− 3 at 700 K. For liquid Zn the corre
sponding density is 6.69 g⋅cm− 3 (compared with a 6.87 g⋅cm− 3 experi
mental density at 723 K). The AIMD was carried out in the canonical 
ensemble (NVT) with a Nosé-Hoover thermostat. The static properties 
are investigated via the pair distribution function that is computed over 
the supercell for N atoms using the following expression: 

ρ0g(r)
1
N

〈
∑

i

∑

j
δ
{

r
(
ri rj

)}
〉

δ(r) (3)  

where ρ0 is the average number density. The coordination number for 
number of first neighbors is then computed classically using: 

n1

∫rmin

0

4πρ0g(r)dr (4) 

The AIMD reproduces fairly well the pair distribution functions as 
measured by x-ray diffraction (Fig. 1a for liquid Bi, Fig. 1b for liquid Pb 
and Fig. 1c for liquid Zn) [30]. In the AIMD, the first-neighbor peak 
distance is found at 0.334 nm for Pb, 0.319 nm for Bi and 0.253 nm for 
Zn. Previous work by AIMD found similar first-neighbor peak distance 
[19]. Experimentally, the first-neighbor peak is measured at 0.33 nm for 
Pb [30], at 0.325 nm for liquid Bi [29] and 0.26 nm for liquid Zn [30]. 

For Pb, the agreement is quite good with a first-neighbor coordina
tion number approaching 11, characteristic of a simple liquid. A similar 
conclusion is reached for liquid Zn, where the AIMD coordination 
number of 11.5 also signals a simple liquid. For Bi, a shoulder is 
observed on the right side from the first peak as reported by many 
previous experiments [14]. The first-neighbor coordination number 
found for Bi is between 7 and 7.5 (rmax 0.405 nm). Our modelling of 
liquid Bi compares well with previous AIMD modelling [14]. The 
shoulder in the pair distribution function of Bi is indicative of the fact 
that Bi is not a simple liquid but belongs to the class of complex liquids 
with structural order. The liquid description is therefore sufficient to 
allow a calculation of the chemical potential of “liquid” Bi, Pb or Zn 
species. 

A liquid configuration with low average force as well as low internal 
cell pressure was selected and further relaxed using a conjugate gradient 
algorithm. The Brillouin zone was sampled using a 3 × 3 × 3 k-points 
grid. The convergence criterion was all force amplitudes lying below 
0.02 eV⋅Å− 1 threshold. Some trials resulted in recrystallization. When 
such an evolution was detected, the configuration was no longer 
considered and disregarded. A final higher density Brillouin zone sam
pling (7 × 7 × 7 k-points) was carried out to ensure that convergence is 
reached within 1 meV. 

These results can be used to qualitatively estimate the heat of fusion 
of each of these three elements in a rudimentary approach. Table 2 
summarizes the calculations: one can see a relatively good agreement for 
the enthalpy of fusion for Pb and Bi. The agreement is less good for Zn 
but remains acceptable. 

4.2. Solid-liquid interfaces 

Fig. 2a–2c show the projected atomic-density profile for Fe/Pb, Fe/Bi 
and Fe/Zn interfaces respectively as given by the following: 

ρ(z) 〈Nz〉

LxLyΔz
(5)  

where <Nz> is the time average of the number of particles between z 
and z+Δz. Lx and Ly are lateral sizes of the simulation box. 

The narrow peaks on the right-hand side come from the rigid position 
of Fe atoms. On the left-hand side of the plot, one observes the density 
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fluctuations of the liquid (symmetric due to the two Fe(013) interfaces). 
Near the interface, a layering in the liquid phase can be seen for the three 
systems extending at most up to three or four layers with an exponential 
decay moving away from the interface. The correlation length for the 
decay is larger for Fe/Pb than for Fe/Bi or Fe/Zn, indicating a deeper 
influence for Pb at the Fe(013) interface. This layering is typical of the 
one found in atomistic studies of solid-liquid interfaces [33]. The liquid 
structure transition from a statistically average ordered state near the Fe 
surface to an amorphous structure further away. This implies that the 
chemical potential of the LM varies within a band fixed by the liquid 
state difference compared with the solid state and its exact value re
mains unknown. 

4.3. Solid-liquid surface energies and wettability 

Fig. 3 presents the calculation of solid-liquid surface energies as a 
function of the LM chemical potential variation (ΔμLM μBulk μLM) for 
the Fe(013)/Pb, Fe(013)/Bi and Fe(013)/Zn interfaces. The chemical 
potential scale is limited to the relevant scale between the LM chemical 
potential defined by the liquid state and the chemical potential defined 
by the solid ground state (see Table 2). Note that the interval for the 
chemical potential is restricted to these physical states of the LM species 
instead of being taken arbitrarily large like in some prior studies [24]. 

The projected density of state is plotted in Fig. 4a–c for three in
terfaces (respectively, Fe/Pb, Fe/Bi and Fe/Zn) for bulk and interfacial 
atoms. The density of state is broadened for Fe at the interface in the 
three couples (plotted in red), while there is a noticeable hybridization 
of the liquid metals d bands with Fe (plotted in blue). Fe majority spin 

DOS at Fe/Zn interface are shifted to higher energy than those at Fe/Bi 
and Fe/Pb interfaces (Fig. 4-d). 

The charge density difference is defined by the following: 

ρdiff (x, y, z) ρFe(013)/LM(x, y, z) ρLM(x, y, z) ρFe(013)(x, y, z) (6) 

The charge-density difference plots for the three interfaces are shown 
in Fig. 5. There is a charge accumulation (in yellow) on the liquid side of 
the first layer of adsorbed Pb and Bi. This indicates that there is some 
degree of charge transfer across the interface in these two cases. For the 
Fe/Zn interface, there is more charge depletion (in cyan) from Fe than in 
the Fe/Pb or Fe/Bi cases, agreeing with Fe PDOS. No charge accumu
lation (yellow) is observed on the other side of Zn, unlike Pb and Bi. This 
is largely responsible for the larger drop in surface energy in contact 
with Zn than with Pb or Bi. The charge transfer remains contained in the 
interface plane for that Fe surface orientation. 

5. Discussion 

In immiscible systems, such as Fe/Pb or Fe/Bi with partial wetting 
behavior, liquid inclusions will be expelled from solid solution after 
elaboration as droplets at GB after processing or heat treatment. There 
will be a triple junction characterized by a dihedral angle, so that at 
equilibrium one can infer the ratio of grain boundary interfacial energy 
relative to the solid-liquid surface energy by: 

γGB 2γSLcos
(

θ
2

)

(7) 

Provided that one can exclude liquid species diffusion at the GB and 

Fig. 1. AIMD-derived pair distribution function g(r) for the liquid state: (a) Bi at 1000 K compared with x-ray data from Dahlborg (at 566 K) [29] and Waseda (at 
577 K) [30]; (b) Pb at 1000 K compared with x-ray data from Waseda (at 823 K) [30]; (c) Zn at 800 K compared with x-ray data from Waseda (at 833 K) [30]. A 
sample configuration is shown in insert. (color online). 
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mitigate these issues [41,42]. 
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