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Abstract

Liquid metal embrittlement (LME) has been reported in many structural materials,
including steel, aluminum, nickel during hot-working processes e.g. welding, brazing, heat-
treatment, leading to abrupt failure. In many of the applications, such as automotive,
aerospace, nuclear industries, LME failure is considered as a serious safety concern. Over
the last decades, research activities have grown considerably striving to understand the
LME phenomenon. However, to date a fundamental understanding of the metallurgical
and mechanical micro-events of LME has remained unclear. Moreover, the LME mecha-
nism has been concealed behind the diverse, contradicting propositions without any robust
experimental support. Hence, a comprehensive understanding of micro-events of LME calls

for in-depth crack-path analysis from macroscopic, microscopic, and atomic viewpoints.

The aim of this research is to explore the role of grain boundary type, and charac-
teristics such as grain boundary misorientation angle, crystallographic plane, and grain
boundary microchemistry in LME. Restrained laser beam welding was used to induce
LME-cracks in various Zn-coated steels. The crack-path has been characterized to identify
types and geometrical characteristics of LME-sensitive grain boundaries. It was found that
LME crack-path is a function of misorientation angle and stress component perpendicu-
lar to grain boundary plane, where high-angle random (non-ordered) grain boundaries are
more LME-sensitive than highly coherent low-X coincidence site lattice (CSL) boundaries.
At higher misorientation angles, lower tensile stresses trigger grain boundary decohesion.
Moreover, liquid metal selectively penetrated the grain boundaries with high-index planes
due to their relatively high excess volume. The atomic-scale analysis of LME crack-path
provided new insights to the inter-relation between the geometrical configuration and grain
boundary chemistry. This validated the grain boundary-based LME mechanism, and re-
vealed the micro-events leading to the embrittler-induced grain boundary decohesion. It
was found that grain-boundary-engineering techniques can be employed to manipulate fre-
quency of random and CSL boundaries, which resulted in significantly improved resistance
against LME.

Keywords: Advance High Strength Steels; Liquid Metal Embrittlement (LME); Fe-Zn
LME Couple; Grain Boundary; Fracture; Microstructure; Welding.
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Chapter 1

Introduction

1.1 Background

Liquid metal embrittlement (LME) was rst documented in 1874 [1], where a galvanized
iron wire exhibited a sharp break at an elevated temperature. Since then, LME started to
be recognized as an abnormal phenomenon in certain solid-liquid metallic couples, where
intimate contact of the solid-liquid pairs induced penetration of liquid into the metal,
causing abrupt rupture. LME is reported in various liquid/solid metal couples, including
the most frequently used engineering metals such as Al, Cu, Ni, and steels [2{14] (Figure
1.1). Since 2000, advanced high strength steels (AHSS) started to be extensively used in
automotive industries, however, due to their higher strength and alloying elements, AHSS
were seen to be LME-susceptible. Therefore, progress has been made toward understanding
the mechanisms controlling LME in Fe-Zn couple [12{20]. The undisputable technological
signi cance of AHSSSs, therefore, necessitates study of LME to fundamentally understand:
the underlying micro-mechanisms, the role of grain boundaries, and potential metallurgical

mitigation methods.



Figure 1.1: The frequency of major reported LME couples in the recent literature including
Al-Ga, Cu-Pb. Cu-Bi, Fe-Pb, Fe-Ga, Fe-Zn [2{85].

1.2 Objectives

This study aims to understand LME behavior of Fe-Zn couple and the role of grain bound-

aries in this phenomenon. The main objectives are:

1. Characterization of Zn-induced LME during laser beam welding (LBW) of dier-
ent representative AHSS grades: 22MnB5 press-hardening steel (PHS), medium-
Mn transformation induced plasticity (MMn-TRIP), and twinning induced plasticity
(TWIP),

2. Investigate the e ects of applied external loading on LME-cracking, and mechanism



of LME-cracking during the processing.

3. Study the role of grain-boundary geometrical characteristics such as grain boundary

type, misorientation angle, and grain boundary crystallographic plane in LME.

4. Investigate atomic-scale mechanism of grain boundary decohesion in LME, and the

interrelation between the grain boundary geometrical con guration and its chemistry.

5. Explore the feasibility of grain-boundary-engineering as an approach to manipulate

grain boundary character distribution, and suppress LME.

1.3 Thesis outline

This thesis consists of eight chapters. An overview of the research carried out for this thesis
is presented in Figure 1.2. The rst chapter is an introduction presenting the motivation
and the main objectives of this research. Chapter two provides an overview of the present
understanding of LME phenomenon, focusing on the systematical summary of the proposed
LME mechanisms. The details of the stress-assisted grain boundary di usion model, as a
viable LME mechanism, is reviewed in this chapter. Furthermore, Chapter two discusses
the di erent grain boundary decohesion hypotheses, and reviews the details of the recently
proposed electronic e ect of embrittler atoms on grain boundary cohesive strength. The

mayjority of chapter one and two content represent the submitted review paper.

Chapter three through chapter six represent the content in the published or under-
review research manuscripts. Chapter three discusses Zn-induced LME in LBW of AHSS.
This chapter discusses the Zn-induced LME in 3 di erent AHSS grades: 22MnB5 PHS,
medium-Mn TRIP, and TWIP steels. Chapter four describes how grain-boundary geo-

metrical characteristics e.g. type, misorientation angle, and crystallographic plane a ects



Figure 1.2: Flow chart illustrating the di erent sections of the present thesis.

LME-sensitivity of a grain boundary. Chapter ve presents atomic-scale investigation of
LME crack-path. The investigations validate the recently proposed embrittler-induced
alteration of electronic con guration as grain boundary decohesion mechanism in LME.
Moreover, the interrelation between the grain boundary geometrical con guration and its
chemistry are covered. Based on the ndings of Chapters four and ve regarding high
LME-resistivity of special boundaries compared to random grain boundaries, chapter six
proposes grain-boundary-engineering as a viable approach to manipulate grain boundary
characteristics to suppress LME. The mechanisms of the crack arrest are discussed based



on the random-grain boundary network continuity, and the grain boundary triple junc-
tion types and distributions. Chapter seven provides a comprehensive discussion to review
Chapters three through six as a whole, and to understand micro-mechanisms leading to
LME. Lastly, Chapter eight summarizes the main ndings of the present research and
proposes the future research opportunities.



Chapter 2

Literature Review 1

2.1 Overview

LME a ects various industrially important materials, including steels, brasses, aluminum,
nickel, over a wide range of scenarios [2{14]. These scenarios can be classied as: (a)
processing failures: hot-dip galvanizing and hot-stamping [12,13,86]; (b) fabrication fail-
ures: soldering, brazing, and welding [87{90]; (c) operation failures: nuclear industries
[53,58,69]; and (d) secondary failures, in which LME occurs after initial bolt, bearing, or
pressure vessel failures [91{93]. Due to the broad range of failure risks, LME is recognized
as a serious safety issue in many applications across aerospace, nuclear, and automotive
industries. This phenomenon is characterized by the concurrent action of 3 factors (Figure
2.1). (a) the presence of an aggressive liquid metal (hereafter called embrittler) such as
Bi, Ga, Zn; where all the embrittlers have relatively low melting points (room temperature

to 419 C), (b) a susceptible polycrystalline material with a grain boundary network into

1This chapter consists of a submitted review paper in Progress in Materials Science, MH Razmpoosh,
C DiGiovanni, E Biro, Y Zhou, 2020.



Figure 2.1: The essential factors for liquid metal embrittlement including aggressive liquid
metal, a susceptible structure, and tensile stress

which the embrittler may penetrate, and (c) external tensile loading or internal (residual)

tensile stress which is normally below the material's yield stress [6,20,82,94{96].

Among the LME couples, Al-Ga system is the most deeply studied system and known
as the LME model system due to high LME susceptibility and structural simplicity for
atomistic modeling [2,3,6,7,83{85]. Ni-Bi, and Cu-Bi couples are also frequently reported
in the literature where ab-intio modeling and high-resolution transmission electron mi-
croscopy (TEM) investigation provided understanding about the role of grain boundaries
in LME [4,5]. Despite a body of research e orts since 1960, LME is still associated with

unexplained results, controversies, and a lack of fundamental understanding. The diverse
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and contradicting proposed LME mechanisms in di erent processing routes and LME cou-
ples is puzzling the research communities. In this chapter the present literature is critically
reviewed to understand the proposed LME mechanisms, hypotheses of the grain boundary

decohesion, and the role of solute atoms segregated to grain boundaries.

2.2 Proposed LME Mechanisms

Thus far, several mechanisms have been proposed to describe micro-events leading to
LME-cracking. Despite these e orts, there is still no universal agreement about the LME
mechanism. This is due to the general complexity of the phenomenon, lack of experi-
mental/modeling evidence, and di erences of the responsible mechanisms for the various
couples. Below is a summary of the major LME mechanisms, their breakthrough contri-

bution in better understanding of LME, and the associated shortcomings.

2.2.1 Ductile-Fracture Models

These proposed models all connect dislocations to LME crack formation. The Lynch
model [97] is considered as the main model explaining LME by plastic deformation at the
crack-tip, where the adsorption of embrittler atoms is accelerated through nucleation and
motion of dislocations at the crack-tip (Figure 2.2). Within the deformation zone at the

crack-tip, the dislocation source activates on planes intersecting the tip, which contributes
to crack progression; however, other dislocation sources contribute in crack blunting and
form voids ahead of the crack-tip. The extensive void formation ahead of the crack-tip,
in-turn facilitates crack progression (Figure 2.2). Although the Lynch model provided

insights in the role of micro-void coalescence through low levels of plastic deformation at

the crack-tip, the model fails to explain the failure delay in some LME systems.
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Figure 2.2: Schematic illustration of ductile crack growth as the dislocations nucleate from
the crack-tip source where the dislocation of source A (intersecting the tip) contribute in
crack progression but the other sources of B and C contribute only in crack-tip [97]

Explanation of LME through crack-tip plasticity was furthered when the early Ros-
toker's description [98] based on surface energy modi cation was merged with the Re-
binder and Popovich model [99]. This model claims that the plastic deformation ahead of
the crack is facilitated due to the surface energy modi cation, where considerable disloca-
tion activity increases the chance of micro-crack formation (as a result of work-hardening)
that can further propagate in a ductile fashion. Here, the liquid metal presence acts as
a driving force to the e cient dislocation emission at the tip. In a very similar way, the
Hancock-lves [100] description emphasizes on the essential role of dislocations where the
dislocation pile up against grain boundary results in crack-tip localized instability (Figure
2.3). This facilitates solid-state di usion of the embrittler atom ahead of the crack and

resultant decohesion of the bonds. Although the Rebinder and Popovich model [99] ex-



Figure 2.3: Schematic illustration of crack propagation mechanism in between grains A
and A' showing the generation of dislocation arrays ahead of crack-tip, as the crack passes
the dislocation relax and create the steps on the crack walls [100]

plained the role of di used embrittler atoms ahead of the crack, the di usion of embrittler
atoms ahead of the propagating crack is not described. This is described by other models

discussed below in the grain boundary di usion-based models.

2.2.2 Brittle-Fracture Mechanisms

In contrast to the models necessitating dislocations and plastic zones ahead of the crack-
tip to allow penetration of liquid metal and progress cracking, another major group of the

proposed models describe LME-cracking in a brittle-fracture framework.
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Figure 2.4: Schematic illustration of solid-atoms (A) displacement at the crack-tip where
the presence of the embrittler atom (B) from the liquid metal environment weakens the
bond A-Ay[102]

Stolo {Johnson{Westwood{Kamdar (SJWK) Theory

Stolo {Johnson{Westwood{Kamdar (SJWK) [101,102] theory was developed based on
early surface energy modi cation models proposed by Rostoker and Rehbinder [98,103].
In the SJWK framework, liquid embrittler atoms a ect the cohesive strength of grain-to-
grain bonds due to the strain-activated chemisorption (Figure 2.4). Hence, in the inter-
atomic potential curves there would be a lower barrier energy to break the bond at the
crack-tip. Under an applied tensile stress, the weakened bonds break repeatedly, and crack

propagates.

DCM-RGM-GALOP Model

The other group of the proposed mechanisms of LME is called "dissolution condensation
mechanism' (DCM) model (aka Robertson-Glickman model-RGM), which was established
by Robertson [104] and further developed by Glickman [31,32,94,105]. Robertson described
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a stress-assisted dissolution of solid atoms into the embrittler liquid at the propagating
crack-tip. At the crack-tip, the chemical potential of solid atoms increases as a result of
the applied stress, which accelerates dissolution of solid atoms into the liquid metal. Due to
the high di usion rates in the liquid phase, solid atoms can be transferred from the rapidly
propagating tip. Another key factor of this model is the continuous process of initiation
and propagation [96,105]. However, this section of the proposed mechanism contradicts
the LME observations in the Fe-In system, where distinct initiation and propagation stages
were observed [96], so its general validity remains questionable. Glickman [31,32,94,105]
further developed this model through a supplementary micro-mechanism known as \con-
densation"; where the dissolved solid atoms into the liquid (dissolution stage) redeposited
on the propagating crack wall (Figure 2.5). In this way, DCM can be considered as a non-
electrochemical version of environmentally stress-assisted material degradation, similar to
stress-corrosion-cracking. A continuous and rapid mass transfer of solid atoms through the
liquid phase is a key-factor in this process [105], which is consistent with the low activation

energy of di usion in liquid phase when compared to di usion through a solid.

Figure 2.5: A schematic description of the dissolution-condensation model of LME where
arrows show the mass di usion ux of solid atoms in the liquid phase [105]
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The DCM was further extended into an associated model, grooving accelerated by
local plasticity (GALOP) [32], which is based on the Mullins grain boundary grooving in
which small dihedral angles (small liquid-solid interface energy) can concentrate the applied
tensile stress at the sharp groove tip. The concentrated stress at the crack-tip will tend
to decrease (stress-relieve) by inducing plastic deformation through a localized dislocation
activity. This results in signi cant crack-tip blunting which provides the required sites for
redeposition of solid atoms (as described in the condensation micro-mechanism of DCM),
but due to crack blunting, the required stress-intensity at the tip decreases. Hence, this
model describes a continuous grooving and blunting loop, however, the rate of groove
deepening (dislocation activity) should be high enough to overcome the crack blunting.
The highlights of the discussed brittle and ductile fracture LME-mechanisms, DCM, and
GALOP are presented in Figure 2.6.

2.2.3 Grain Boundary-based Models

The grain boundary-based models emphasize that stress-assisted grain boundary di usion
precedes liquid metal penetration. Importantly, these models assume that the penetration
of the embrittler atoms occurs through high di usion paths into the solid rather than by
wetting the grain boundary. However, the Gordon-An [96] model states that mass transfer
of liquid phase to the crack-tip still takes place through liquid ow. According to the
Gordon-An model [96] and Krishtal [106], grain boundary di usion is stress-assisted instead
of dislocation-aided (as shown in Figure 2.7) [20]. It is stated that rst, the embrittler
atoms di use along grain boundaries that creates obstacles against dislocation slip, and
hence, the crack propagates along the grain boundary [18]. However, crack nucleation

only occurs after there is a build-up of embrittler atoms. Once the crack nucleates, it
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Figure 2.6: Summary of the proposed LME mechanisms emphasizing the major contribu-
tion of dislocations at the crack-tip

can grow into the material rapidly. These models describe that grain boundaries show
brittle fracture (ductile-to-brittle transition) only in a speci ¢ temperature range. Such
that, the temperature should be high enough to enable a rapid di usion path. However,
if the temperature is too high, the matrix diusion of the embrittler atoms away from
the grain boundary (into the adjacent solid matrix) becomes competitive and reduces the
grain boundary embrittler concentration below that required for decohesion. In other
words, there exists two transition temperatures, a lower temperature enabling rapid grain
boundary di usion when a ductile-to-brittle transition occurs, and a higher transition
temperature enabling rapid solid-state di usion when the fracture reverts to a ductile

mode again [96].
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Figure 2.7: TEM micrograph showing the absence of dislocation in the vicinity and crack-
tip con rming the minor contribution of dislocation in the Fe-Zn couple LME [18]

The Gordon-An model [96] also describes the e ect of strain rate, where higher strain
rates increase the brittle-to-ductile transition temperature. This will increase the temper-
ature at which grain boundary to matrix di usion rate becomes e ective. The di usion-
based framework also provides explanation for an incubation time, where it is related to
the activation energy required for grain boundary di usion and is mainly dictated by an
Arrhenius-type relation. The Klinger model [107] describes LME mechanism in a similar
manner, where after the decohesion occurrence under an applied tensile stress, a crack
will nucleate again. The Klinger model requires grain boundary di usion to precede the
cracking. The advancing liquid metal through the opened grain boundary allows more ow

of the liquid and hence, a rapid progress of crack into the solid.
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2.3 LME Micro-Events: Crack Initiation and Pro-

gression

Included in an LME mechanism must be a description for the continuous initiation and
propagation of the crack. Within the grain boundary-based model this is described in a
multistep process of LME-cracking where a set of \micro-events" leads to the nal cracking.
Although deconvolution of these micro-events encounters several experimental di culties
due the rapid propagation rate of LME-cracks, the Gordon-An model [96] describes sep-
arate stages for crack initiation and propagation, both of which are thermally activated.
This includes: (a) a wetting-crack initiation step that is directly triggered by intimate con-
tact of a susceptible solid with an aggressive liquid metal, and (b) rapid progression along
the grain boundaries that occurs once the initiated crack is at 10m long. However, the
Gordon-An model does not account for the necessary re-sharpening mechanism, the model
must also include a re-sharpening mechanism to counter-act the blunting at the crack-tip
[42,94,96,101,102].

2.3.1 Wetting-Crack Initiation

Before LME cracking initiates, the liquid embrittler must be absorbed into the grain bound-
ary, this is typically described by grooving at the grain boundary. As a susceptible solid is
exposed to a liquid metal (with the required wetting characteristics), grooving allows the
liquid metal to penetrate deep (a few micrometers) into the solid metal (Figure 2.8), which
is governed by the local equilibrium between the energy of the exposed grain boundaries
( eg) and the solid/liquid interface energy ( s.) [108,109]. Hence, the dihedral angle

at which the penetration occurs is de ned in Eq.2.1 [109]:
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Figure 2.8: Cross-section of a typical grain boundary grooving in Ni-bi couple [109].

2 sL COSE = GB (21)

Due to the isotropy it is assumed that the interface energy for both sides of the liquid
grooving are equal. In this regard, the necessary wetting condition is whergg>2 g .
If this necessary condition is not met, the exposed grain boundary remains stable. Al-
though depending on the time exposed to the elevated temperatures, either bulk di usion
or \Mullin's engraving" may take place (Figure 2.9) [108]. Luo et al. [109] investigated
the distribution of dihedral angles in various grain boundaries (Figure 2.10) of the Ni-Bi
couple in the absence of stress, where the average of the dihedral angles (2) is 40 (after

5hr of annealing at 700C).

The critical role of temperature in the LME-crack initiation can be de ned based on
Eq.1. Although grain boundary Gibbs energy shows a linear negative dependence on tem-
perature (Figure 2.11), s, decreases at a higher rate due to the solid-material dissolution
into the liquid phase [108]. Therefore, there is a transition temperaturel(,) at which the

required condition of initial wetting ( cg>2 s.) can e ciently be met. This explains the
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Figure 2.9: The stable grain boundary where (a) the necessary LME wetting condition is
not met (Mullins's engraving), and (b) the embrittler liquid Im penetrates into the grain
boundary and grain boundary rupture takes place [108].

Figure 2.10: The distribution of measured dihedral angles at di erent grain boundaries in
Ni-Bi couple [109].

actual reason that only particular solid-liquid couples are sensitive to LME (Figure 1.1).

In the other non-sensitive systems, the energy barrier to produce a groove angle necessary
to initiate LME cracking is su ciently high that the transition temperature (Tw) does not

fall within the embrittler's liquid phases-stability range (Twveiing - Tgoiing )- HOwever, this
theory does not consider the role of the external tensile stress, where external mechanical

energy can e ciently reduce the required energy barrier [108].

In the grooving step, having equal interface energies for the two involved grains is
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Figure 2.11: Schematic illustration of Gibbs energy of grain boundary and solid-liquid
interface, (Tw: transition temperature) [108].

a simpli ed case, whereas in most of the real-life examples the interface energy is not
necessarily equal on both sides of the grain boundary. Unequal interface energies can
be attributed to the dependence of the interface energy to grain orientation and grain
boundary character e.g. misorientation angle (Figure 2.8) [109]. This partially explains
the reason that only a limited fraction of grain boundaries exposed to the liquid embrittler
show LME-cracking. In other words, due to an unsatisfactory balance between the surface
forces, liquid penetration into the grain boundary is thermodynamically or kinetically
unfavorable; it can potentially take place only in a small fraction of the exposed grain
boundaries. Additionally, due to the undoubtable role of applied tensile stress on the LME
phenomenon, only a few grain boundaries are preferentially orientated to that of the of the
applied stress direction [109]. Hence, even by meeting the necessary spontaneous wetting
condition, the energy barrier can only be overcame in certain grain boundaries. Therefore,
only a small fraction of grain boundaries act as potential crack initiation sites. Apart from

the dihedral angle standpoint, the orientation of grains also may a ect their solubility into
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the liquid metal, which in-turn a ects their edge-rounding behavior, where any adsorption
and segregation of alloying atoms from the liquid, and solid matrix, respectively, can a ect

grain boundary energy and, therefore, the wetting behavior.

According to the Gordon-An model [96], LME initiates when the state of the embrittler
atoms change from absorbed to dissolved. The dissolution is associated with a localized
change of melting point by making bonds with the solid-matrix, and hence, requires an
incubation time. The required incubation time {,) directly depends on the activation
energy of dissolution of embrittler atoms at the surface (Gs), and grain boundary di usion
( Gy) (Eq.2.2) [96]:

Gs expﬁ (2.2)

t ex
n Pt RT

According to this model, lowering the solid-liquid interface energy results in lowerGg

and therefore, reduced crack-initiation time.

2.3.2 Rapid Crack-Progression

Once the LME-crack nucleates in the wetting stage and passes the critical length (1t

in the Cu-Bi couple [94]), it rapidly propagates along the grain boundaries. However, a
continuous and rapid progression of an LME-crack requires an e cient tip re-sharpening
micro-mechanism. As described by the GALOP model [32], several micro-events (smaller
cracks) propagate sequentially ending in a nal crack lengthl( = n L),(L <<L ). As
stress relaxation blunts the groove tip (by local dislocation activity) (Figure 2.12). After the
repetitive grooving-blunting, a macro LME-crack is created. The GALOP model proposes

that this repetitive grooving-blunting phenomenon provides the e cient mechanism for
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Figure 2.12: Grooving Accelerated by Local Plasticity (GALOP) mechanism (a) LME
initiates by grooving into the solid metal grain boundary, (b) under the applied tensile
stress (), sharp grain boundary groove tip blunts and creates a miniature shelf of the
width but grain boundary groove continues to extend, (c) blunting takes place due to
plastic deformation, and (d) grooving-blunting micro-events occur repetitively resulting in
the nal crack length of L [32].

re-sharpening. Although the GALOP best describes the essential re-sharpening (grooving)
stage in LME-crack progression, however, as stated earlier the role of dislocations in LME
phenomenon remains questionable and still requires support by experimental and modeling

results.

Klinger et al. [107] modeled the formation of grain boundary wedge due to grain
boundary di usion of embrittler atoms (Figure 2.13) under applied tensile stress normal
to the grain boundary plane. In this study, a semi-in nite bi-crystal of solid material
(B) exposed to an in nite supply of liquid metal (A) at the surface. It is assumed that
bulk di usion is negligible compared to that of the grain boundary di usion, as this is
a realistic situation where the grain boundary di usion and embrittlement takes place at
temperatures> 0.4T,,. The diusion ux divergence towards the grain boundary results

in a narrow and deep di usion wedge. To comply with the atomic structure of metal B
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Figure 2.13: Di usion of liquid metal atoms (A) along the grain boundary in the bicrystal
of solid metal (B) under the external stress of 0 (normal to the grain boundary plane)
[107].

at the vicinity, the wedge must show high coherency with the surrounding B-atoms [107].
However, once the wedge width increases, the wedge loses its coherency. Due to the atomic
structure collapse and high concentration of A-atoms, the wedge melts. After the melting

of the wedge, the embrittler ows inward the grain boundaries.

The grain boundary wedge formation hypothesis [107] also sheds light on the critical role
of tensile stress in LME. The di usion wedge width directly correlates to the magnitude of
applied tensile loading on the grain boundary plane, where increased tensile stress increases
wedge width (Figure 2.14). Nonetheless, the depth of di usion wedge is independent of

the stress magnitude (represented by dimensionless factor ofEq.2.3) [107].

_ 0
= 1 (2.3)

Where is the atomic volume of the components at grain boundary, ¢ is the applied
stress,k is constant, andT is temperature. The comparison of relative grain boundary con-

centration and the penetration depth in various dimensionless time intervals in zero-stress
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Figure 2.14: The iso-concentration lines in the vicinity of the grain boundary at (a) =0.5
(low-stress), and (b) =5 (high stress) conditions [107].

( =0, dashed lines), low-stress (=1), and high-stress ( =5) conditions are illustrated in
Figure 2.15. It must be noted that in Figure 2.15, in the absence of applied tensile load
(the zero-stress condition), the concentration of embrittler at grain boundary is described
through the classic error-function [107]. Under the applied tensile stresses, deep and nar-
row penetration of embrittler atoms along the grain boundary and ahead of the blunted
crack-tip acts as crack-tip re-sharpening mechanism after each micro-step of embrittler

ow along the opened LME-crack.

The essential role of re-sharpening (grooving) in LME-crack rapid progression is well
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Figure 2.15: The relative grain boundary concentrationGg,) versus the dimensionless
penetration depth (Y) in zero-stress (=0, dashed lines), (a) low-stress (=1), and (b)
high-stress ( =5) conditions [107].

illustrated by Namilae et al. [63]. Atomistic simulation of Al-Ga couple showed that under
the applied stress, the presence of liquid-Ga induces a rapid crack progression. In the
presence of embrittler atoms (Ga), the diusion of the embrittler atoms into the grain
boundary creates a di usion wedge similar to the prediction of the Klinger model [107].
In the similar condition and the absence of liquid-Ga at the crack-tip, the applied stress
causes crack-tip blunting rather than crack opening. This indicates the minor contribution
of dislocations in LME-crack propagation in a direct comparison with the classical crack

propagation in metallic materials.
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2.4 Grain Boundary Decohesion Mechanism

As stated earlier, the grain boundary-based models (Gordon-An and Klinger [96,107])
require a short-length di usion of embrittler atoms ahead of the crack-tip. In most of the
LME couples, grain boundary decohesion occurs through the formation of sub-monolayer or
monolayer [79,109]. Alternatively, in some LME couples (e.g. pure Ni and Cu) a long-range
adsorption of atoms and subsequent atom bilayer formation changes the grain boundary
atomic bonds from metallic Ni-Ni or Cu-Cu, to Bi-Bi, which has a much lower strength
than the original grain boundary [79,109] (Figure 2.16). The penetration of Bi-atoms along
the grain boundary of Ni and the formation of Bi-bilayer ahead of the crack-tip is shown
in the study by Luo et al. [79] (Figure 2.17). It must be noted that the presence of
sub-monolayer or monolayer of Bi along the Ni grain boundaries does not lead to LME
as the bonds between Ni and Bi still is not weak enough to break under the applied
tensile forces. However, when the absorption of Bi-atoms reaches bi-layer con guration,
complete decohesion and LME occurs due to relatively weaker bonds between Bi-Bi at the
interface. The observed bilayer formation of embrittler atoms may be restricted to pure
Ni or Cu systems with clean grain boundaries, whereas in heavily alloyed metals, potential
segregation of impurities into grain boundaries can alter the grain boundary character, and

hence, the atomic con gurations.

Contrary to the observed bilayer formation, in the other LME couples the presence of
sub-monolayer or monolayer is su cient to induce grain boundary decohesion. It is stated
that grain boundary cohesion can be a ected through (a) modi cation of interface energy
as suggested by the earlier study of Rice and Wang [110], (b) straining due to atomic size
di erence of the matrix and embrittler [5], and the recently proposed (c) electronic state

modi cation at grain boundary due to the presence of embrittler atoms [111].
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Figure 2.16: (a) Six distinct interfacial con guration of impurity atoms along the par-
ent grain boundary, (b) the most common grain boundary decohesion in embrittler atom
adsorption model, and (c) the proposed con guration of the Ni-Bi couple showing the
presence of bilayer along the grain boundary [79].

2.4.1 E ect of Atomic Size Di erence on Grain Boundary Cohe-

sion

In the earlier study by Dinda [112], tin (Sn) and lead (Pb)-induced embrittlement in steel
is investigated. Compared to the Fe-Pb, the Fe-Sn couple is more LME susceptible, which
was attributed to the relative atomic size of Pb- and Sn-atoms. While both embrittlers
are bigger than Fe, the Sn size-di erence is smaller than Pb. Hence, it is concluded
that the accommodation of Pb-atoms at available atomic sites of parent grain boundary
is more dicult. The rst principles quantum mechanical calculations by Schweinfest
et al. [5] support the key role of atomic size di erence in grain boundary decohesion.
This work showed that the over-sized embrittler atoms such as Bi weaken the atomic

bonding by increasing the Cu-Cu bond length. These authors claim that the Frenkel
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Figure 2.17: STEM-HAADF micrographs showing (a) the formation of Bi bilayers along
the grain boundaries of a Ni polycrystal (b) and (c) depicts the decohesion of the weak
Bi-Bi bonds [79].

theoretical strength depends only on the atomic volume which is consistent with the minor
di erence in the embrittlement e ects of Bi- and Pb-doping on Cu, and therefore, supports
the hypothesis that embrittlement susceptibility is a ected by the atomic size di erence

between the solid metal and the embrittler [5] (Figure 2.18).

The recent study by Peng et al. [113] modeled the e ects of embrittler atoms and
grain boundary expansion in the Fe-Zn couple in two conditions of: 1-clean, and 2- Zn-
doped grain boundaries. As depicted in Figure 2.19, compared to the bond length of
the Fe(2)-Fe(-2), Fe(1)-Fe(3), Fe(1)-Fe(2) in the clean grain boundary, the corresponding
Fe(2)-Fe(-2), Zn(1)-Fe(3), Zn(1)-Fe(2) in the Zn-doped grain boundary increased by 0.096
A ( 4.3%), 0.056A ( 2.2%), and 0.088A ( 3.4%), respectively (Figure 2.19). Zn-doping
also caused the Fe(2)-Fe(3) bond length increase about 0.045The expanded Zn-doped
grain boundary can be explained through the higher atomic radius of Zn than Fe (di erence:
0.09A). The increased bond length directly a ects the bond strength, and hence, the grain

boundary cohesion [113]; However, as the change in bond length is small, changes in lattice
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Figure 2.18: Internal energy versus strain in FCC lattice unit cell sheared into itself (111)
[112] showing the Frenkel theoretical strength dependence on the atomic volume and the
key role of atomic size di erence in the bond weakening [5].

strain does not completely explain the decrease in grain boundary cohesive strength.

The tensile strength of the clean and Zn-doped Fe grain boundaries was investigated
through rst-principles computational tensile test (FPCTT) [113]. In the presence of Zn,
the fracture strain of the grain boundary reduces from 32% (in the clean state) t012%
(Figure 2.20a). When the simulated atomic movement is seen, the clean grain boundary
undergoes a considerable deformation to 34% of strain that the grain boundary symmetrical
characteristics is not detectable anymore [113]. As expected, the fracture in the pure Fe
grain boundary occurred due to the destruction of the Fe-Fe atomic bonds. In contrast, the
Zn-doped grain boundary fractures at 14% of strain; however, the atomic con guration
of the grain boundary remained similar to the zero-strain state (Figure 2.20b and c).
Interestingly, in the Zn-doped grain boundary, the fracture sequence is as follows: (a) the
Fe(2)-Fe(-2) bond due to its parallel direction to that of the applied tensile carries the

majority of the strength, (b) the Fe(2)-Fe(-2) bond (the main bond of the grain boundary)
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Figure 2.19: The con guration of the Fe{Fe and Fe{Zn bonds in a (a) clean and (b)
unclean grain boundary. (Note: The brown and gray atoms represent Fe: brown and Zn:
gray atoms, unit: A) [113].

and the Zn(1)-Fe(3) bond breaks, (c) the Zn(1) bonds with Fe(2) and forms a new Zn(1)-
Fe(2) bond, which explains the delay to complete fracture (to 26% strain) [113] (Figure
2.20).

2.4.2 Electronic E ect of Embrittler Atoms on Grain Boundary

Cohesion

Although the grain boundary expansion due to the embrittler atoms is considered as one of
the grain boundary weakening mechanisms, the role of electronic structure in embrittlement
has been reported in an early study by Losch [114]. The majority of strong embrittling ele-
ments belong to, but are not limited to, the 3-5 period of groups: IV,V, and VI of periodic
table of elements such as Sn, Sb, P, S, Si [115]. This means that there exists a meaningful
relationship between their similar electron con guration in outer shells and their embrit-
tlement e ects on grain boundaries. The essential role of electronic (sub-atomic) forces in
LME was later con rmed by Duscher et al. [116] in the Bi-induced embrittlement of Cu

grain boundaries. In this framework, the presence of certain solute elements at grain bound-
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Figure 2.20: (a) The rst-principles computational tensile test (FPCTT)-based stress and
strain curve of (b) the clean, (c) Zn-doped grain boundaries, and (d) the corresponding
con guration of Fe (brown) and Zn (gray) atoms [113].

aries weakens the bonding by drawing charge from neighbor metallic bonds. In a direct
comparison of a clean and a Bi-doped grain boundary, it was revealed that Bi-segregation
imposed no drastic change in arrangements of grain boundary atomic sites. This is due
to the fact that Bi atoms only substitutes Cu in speci c atomic sites (the largest space)
at grain boundary [116] (Figure 2.21). The absence of drastic bond length modi cation or
lattice distortion questions the viability of the aforementioned embrittlement mechanism.

It has been shown that Bi-atoms occupies the middle site of the pentagonal arrangement
of Cu-atoms at the grain boundary. Therefore, the s-band of the neighboring Cu-atoms is

more than half full (with a closed 3d shell) that detrimentally a ects the fracture toughness
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