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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-Σ 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 first 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

significance of AHSSs, therefore, necessitates study of LME to fundamentally understand:

the underlying micro-mechanisms, the role of grain boundaries, and potential metallurgical

mitigation methods.
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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 differ-

ent representative AHSS grades: 22MnB5 press-hardening steel (PHS), medium-

Mn transformation induced plasticity (MMn-TRIP), and twinning induced plasticity

(TWIP),

2. Investigate the effects of applied external loading on LME-cracking, and mechanism
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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 configuration 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 first 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 diffusion model, as a

viable LME mechanism, is reviewed in this chapter. Furthermore, Chapter two discusses

the different grain boundary decohesion hypotheses, and reviews the details of the recently

proposed electronic effect of embrittler atoms on grain boundary cohesive strength. The

majority 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 different 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 affects
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Figure 1.2: Flow chart illustrating the different sections of the present thesis.

LME-sensitivity of a grain boundary. Chapter five presents atomic-scale investigation of

LME crack-path. The investigations validate the recently proposed embrittler-induced

alteration of electronic configuration as grain boundary decohesion mechanism in LME.

Moreover, the interrelation between the grain boundary geometrical configuration and its

chemistry are covered. Based on the findings of Chapters four and five 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
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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 findings of the present research and

proposes the future research opportunities.

5



Chapter 2

Literature Review1

2.1 Overview

LME affects various industrially important materials, including steels, brasses, aluminum,

nickel, over a wide range of scenarios [2–14]. These scenarios can be classified 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.
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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 efforts 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 different 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 efforts, 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 differences 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.

8



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 modification 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 modification, 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 efficient dislocation emission at the tip. In a very similar way, the

Hancock-Ives [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 diffusion of the embrittler atom ahead of the crack and

resultant decohesion of the bonds. Although the Rebinder and Popovich model [99] ex-
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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 diffused embrittler atoms ahead of the crack, the diffusion of embrittler

atoms ahead of the propagating crack is not described. This is described by other models

discussed below in the grain boundary diffusion-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-A0[102]

Stoloff–Johnson–Westwood–Kamdar (SJWK) Theory

Stoloff–Johnson–Westwood–Kamdar (SJWK) [101,102] theory was developed based on

early surface energy modification models proposed by Rostoker and Rehbinder [98,103].

In the SJWK framework, liquid embrittler atoms affect 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 diffusion 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 diffusion in liquid phase when compared to diffusion through a solid.

Figure 2.5: A schematic description of the dissolution-condensation model of LME where
arrows show the mass diffusion flux 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 significant 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 diffusion

precedes liquid metal penetration. Importantly, these models assume that the penetration

of the embrittler atoms occurs through high diffusion 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 flow. According to the

Gordon-An model [96] and Krishtal [106], grain boundary diffusion is stress-assisted instead

of dislocation-aided (as shown in Figure 2.7) [20]. It is stated that first, the embrittler

atoms diffuse 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 specific temperature range. Such

that, the temperature should be high enough to enable a rapid diffusion path. However,

if the temperature is too high, the matrix diffusion 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 diffusion when a ductile-to-brittle transition occurs, and a higher transition

temperature enabling rapid solid-state diffusion 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 confirming the minor contribution of dislocation in the Fe-Zn couple LME [18]

The Gordon-An model [96] also describes the effect 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 diffusion rate becomes effective. The diffusion-

based framework also provides explanation for an incubation time, where it is related to

the activation energy required for grain boundary diffusion 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 diffusion to precede the

cracking. The advancing liquid metal through the opened grain boundary allows more flow

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 final cracking.

Although deconvolution of these micro-events encounters several experimental difficulties

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 10 µm 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

(γGB) and the solid/liquid interface energy (γSL) [108,109]. Hence, the dihedral angle (θ)

at which the penetration occurs is defined 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].

2γSL cos
θ

2
= γGB (2.1)

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 where γGB>2γSL.

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 diffusion

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 700◦C).

The critical role of temperature in the LME-crack initiation can be defined based on

Eq.1. Although grain boundary Gibbs energy shows a linear negative dependence on tem-

perature (Figure 2.11), γSL decreases at a higher rate due to the solid-material dissolution

into the liquid phase [108]. Therefore, there is a transition temperature (Tw) at which the

required condition of initial wetting (γGB>2γSL) can efficiently 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 film penetrates into the grain
boundary and grain boundary rupture takes place [108].

Figure 2.10: The distribution of measured dihedral angles at different 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 sufficiently high that the transition temperature (Tw) does not

fall within the embrittler’s liquid phases-stability range (TMelting - TBoiling). However, this

theory does not consider the role of the external tensile stress, where external mechanical

energy can efficiently 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 simplified 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 affect their solubility into
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the liquid metal, which in-turn affects their edge-rounding behavior, where any adsorption

and segregation of alloying atoms from the liquid, and solid matrix, respectively, can affect

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 (tn) directly depends on the activation

energy of dissolution of embrittler atoms at the surface (∆Gs), and grain boundary diffusion

(∆Gd) (Eq.2.2) [96]:

tn ∼ exp
∆Gs

RT
exp

∆Gd

RT
(2.2)

According to this model, lowering the solid-liquid interface energy results in lower ∆Gs

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 (10 µm

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 efficient tip re-sharpening

micro-mechanism. As described by the GALOP model [32], several micro-events (smaller

cracks) propagate sequentially ending in a final crack length (L = 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 efficient 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 (σ), 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 final 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 diffusion of embrittler atoms (Figure 2.13) under applied tensile stress normal

to the grain boundary plane. In this study, a semi-infinite bi-crystal of solid material

(B) exposed to an infinite supply of liquid metal (A) at the surface. It is assumed that

bulk diffusion is negligible compared to that of the grain boundary diffusion, as this is

a realistic situation where the grain boundary diffusion and embrittlement takes place at

temperatures>0.4Tm. The diffusion flux divergence towards the grain boundary results

in a narrow and deep diffusion wedge. To comply with the atomic structure of metal B
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Figure 2.13: Diffusion 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 flows inward the grain boundaries.

The grain boundary wedge formation hypothesis [107] also sheds light on the critical role

of tensile stress in LME. The diffusion 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 diffusion wedge is independent of

the stress magnitude (represented by dimensionless factor of α, Eq.2.3) [107].

α =
σ0Ω

kT
(2.3)

Where Ω is the atomic volume of the components at grain boundary, σ0 is the applied

stress, k is constant, and T 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) α=0.5
(low-stress), and (b) α=5 (high stress) conditions [107].

(α=0, dashed lines), low-stress (α=1), and high-stress (α=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

flow 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 concentration (Cgb) versus the dimensionless
penetration depth (Y) in zero-stress (α=0, dashed lines), (a) low-stress (α=1), and (b)
high-stress (α=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 diffusion of the embrittler atoms into the grain

boundary creates a diffusion 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 diffusion 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 configuration,

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 configurations.

Contrary to the observed bilayer formation, in the other LME couples the presence of

sub-monolayer or monolayer is sufficient to induce grain boundary decohesion. It is stated

that grain boundary cohesion can be affected through (a) modification of interface energy

as suggested by the earlier study of Rice and Wang [110], (b) straining due to atomic size

difference of the matrix and embrittler [5], and the recently proposed (c) electronic state

modification at grain boundary due to the presence of embrittler atoms [111].
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Figure 2.16: (a) Six distinct interfacial configuration 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 configuration of the Ni-Bi couple showing the
presence of bilayer along the grain boundary [79].

2.4.1 Effect of Atomic Size Difference 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-difference is smaller than Pb. Hence, it is concluded

that the accommodation of Pb-atoms at available atomic sites of parent grain boundary

is more difficult. The first principles quantum mechanical calculations by Schweinfest

et al. [5] support the key role of atomic size difference 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

difference in the embrittlement effects of Bi- and Pb-doping on Cu, and therefore, supports

the hypothesis that embrittlement susceptibility is affected by the atomic size difference

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

The recent study by Peng et al. [113] modeled the effects 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

Å (∼4.3%), 0.056 Å (∼2.2%), and 0.088 Å (∼3.4%), respectively (Figure 2.19). Zn-doping

also caused the Fe(2)-Fe(3) bond length increase about 0.015 Å. The expanded Zn-doped

grain boundary can be explained through the higher atomic radius of Zn than Fe (difference:

0.09 Å). The increased bond length directly affects 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 difference 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 first-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) to ∼12%

(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 configuration

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 configuration 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: Å) [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 Effect 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 configuration in outer shells and their embrit-

tlement effects on grain boundaries. The essential role of electronic (sub-atomic) forces in

LME was later confirmed 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 first-principles computational tensile test (FPCTT)-based stress and
strain curve of (b) the clean, (c) Zn-doped grain boundaries, and (d) the corresponding
configuration 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 specific atomic sites (the largest space)

at grain boundary [116] (Figure 2.21). The absence of drastic bond length modification 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 affects the fracture toughness

30



of Cu. When the same modeling was carried out using Ag-atoms (as embrittler) located in

the same sites with Bi, such behavior was not seen (Figure 2.22). This is consistent with

experimental results that show Ag does not embrittle Cu grain boundaries, and in-turn

confirms the key role of charge density influence on the grain boundary embrittlement.

Figure 2.21: Atomic resolution images of (a) clean, and (b) Bi-doped Cu grain boundaries
(the brighter atoms: Bi) [116].

The recent study of the Fe-Zn couple also indicated that the charge density plays a

key role in bond-strength modification in embrittler-doped grain boundaries. As shown

by Peng et al. [113], the primary Fe(2)-Fe(-2) bond strength loss is not only due to the

bond length increase but also as a consequence of the charge density change. Peng et al.

[113] have observed that in the unstressed state, the charge density of the primary Fe-Fe

bond at the Zn-doped grain boundary is considerably lower than the clean grain boundary

(Figure 2.23). At 14% of strain, the blue area reaches its maximum and fracture-1 occurs

(as shown in Figure 2.20).

Further investigation through differential charge distribution indicated that although

there is a metallic bond with the neighboring Fe-atom in the clean grain boundary (as the

primary bond of the grain boundary), when Zn is added to the system, the doped-Zn-atom
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Figure 2.22: The grain boundary structure of Cu (the red-circled atoms represent the
embrittler atoms sites, The charge charge density at Cu grain-boundary (b) Bi-doped, and
(c) Ag-doped (Note: the brighter regions represent stronger electron charge density) [116].

establishes a directional covalent bonding with the Fe-atom (Figure 2.24). This explains

why the directionless charge accumulation (metallic bond) in the clean grain boundary

changes to an unequal and directional charge (covalent bond) in the Zn-doped system

(Figure 2.24). This led to the transfer of charge between the primary bond of (Fe(2)-

Fe(-2)) to the vicinity of the doped Zn-atom at the grain boundary. These findings are

consistent with the first-principles study of Ga-doped Al grain boundaries [34]. As Zhang

et al. [34] reported, the interatomic distance of Al-atoms at grain boundaries show a minor

change after Al-doping, which contradicts the grain boundary expansion hypothesis [12,
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Figure 2.23: Charge distribution map of the primary Fe (2)–Fe (2) bond and the adjacent
bonds in the representative (0 0 2) plane of the (a) clean, and (b) Zn-doped grain boundary
at different strain values (unit: electrons/ Bohr) [113].

107]. However, the electronic structure of the Ga-doped grain boundary of Al is drastically

changed compared to a clean grain boundary [34].

2.5 Effect of Grain Boundary Solute (co-dopant) on

LME

Dinda [112] systematically investigated the influence of impurity elements on lead-induced

embrittlement of austenite grain boundaries in steels that was used in the earlier hydro-

gen embrittlement studies [117,118]. This showed that crack propagation follows a path

containing impurities such as antimony (Sb), tin, or phosphorus (P). The steel was doped

with a considerable level of antimony, tin, and phosphorus, then subjected to various heat-

treatments to promote segregation along the prior grain boundaries. Dinda [112] analyzed

the material prepared following conditions: (a) unsegregated-not wetted, (b) unsegregated-

33



Figure 2.24: Differential charge distribution of (a) Fe (1) atom (brown) in the clean, and
(b) Zn (1) atom (gray) in the Zn-doped grain boundary (plane: (0 0 2)). (Note: the red
area: charge accumulation, and the blue area: charge loss, unit: electrons/ Bohr) [113]

wetted, (c) segregated-not wetted, (d) segregated-wetted conditions, and (e) an undoped

high-purity steel. All the samples were tested in lead and tin environment as embrittler

liquids [112]. Interestingly, in the tin- and antimony-doped conditions, LME susceptibil-

ity increased (lower ductility). Dinda showed that as phosphorus has a high tendency to

segregate to grain boundaries, phosphorus segregation would be unintentionally present.

Arsenic (As) also showed similar behavior to phosphorus, where minor segregation could

trigger LME. Therefore, the observed inconsistency in phosphorus- and arsenic-segregated

conditions shows that these impurities may not be controlled trace elements for investigat-

ing the solute-segregation effect on LME.

The effect of grain boundary segregation on LME can be explained based on the brittle

bond-breaking approach (the brittle SJWK model [101,102]), where the ratio of the effective

strength of bonds at the solid metal surface in the presence of a chemisorbed embrittler

atom (σe) to that of the shear strength required to overcome barriers to dislocation motion
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(τ) should be considered [112]. As this stress ratio (Eq.2.4) falls below a critical value,

brittle fracture takes place. However, the critical value of the stress ratio relies on the

number of available sites for embrittler atoms to reduce cohesive force of atoms at grain

boundary [112]:

σe
τ

=
σ0(1− βθ)

τ
< (

σe
τ

)critical (2.4)

Where σ0 is the theoretical strength of the surface bonds, β is the embrittlement coefficient,

and θ is the fractional coverage of the interface by absorbed embrittler atoms and can be

defined as follows (Eq.2.5) [112]:

θ =
Ne

N0

= [1− exp
∆E

kT
] (2.5)

where Ne is the number of available sites adsorbed embrittler atoms and reduce cohesive

force at grain boundary, N0 is the number of possible sites of adsorption. The impurity

segregation drastically affects the ability of the embritller atoms to be absorbed at the

grain boundary ahead of the crack-tip which is reflected in ∆E (change in free energy

as a result of embrittler absorption at grain boundary). The absorbability can be either

reduced or increased by segregation, which depends on the size difference of segregated

and the matrix atoms [112]. The presence of larger segregated atoms at grain boundary

provides more available space for the embrittler atoms. The required lattice expansion to

accommodate the embrittler atoms can be significantly increased by the applied tensile

stress on the grain boundary [112]. This, in-turn, provides supplementary rationale for

the essential role of tensile stresses for LME occurrence. On the other hand, the effects

of impurity segregation on solution hardening near the grain boundary and at the tip

of propagating crack must be considered. This can increase the shear strength required
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for dislocation motion by imposing efficient obstacles against the dislocation at the tip.

However, the highly localized obstacles against dislocation motion at the vicinity of LME

crack cannot be detected in overall yield strength of the material.

Generally, metallic bonds are ductile due to their spherical and non-directional bond

that can easily break and accept inserting atoms by making new bonds and accommo-

date plasticity through dislocations motions. However, as discussed earlier, the addition

of certain embrittler atoms will create covalent bonds along the grain boundary. Covalent

bonds are known to be rigid due to orbital overlapping in specific directions, which means

they are less ductile than the metallic bonds not exposed to the embrittler [114]. Hence,

covalent bonds will have reduced elasticity when exposed to applied deformation, showing

brittle characteristics by cleavage fracture. Although it may be speculated that segregation

of embrittler atoms into grain boundaries and subsequent formation of covalent bonds are

extremely strong, requiring very high applied forces to overcome; the presence of metal-

impurity bond reduces the strength of the adjacent metallic (metal-metal) bonds electron-

ically (Figure 2.25a and b). This explains that the fracture path along grain boundaries

containing segregated elements is through electronically affected metallic bonds which may

frequently cross grain boundaries due to boundary geometrical irregularities [114] (Figure

2.25c).

From another perspective, the presence of impurity segregation at grain boundaries

affect the Kc (fracture toughness) [32]. The LME-cracking mechanism includes micro-

events, and in particular, a “pure-mechanical” rapid propagation step [32]. Hence, the

effects of grain boundary segregation on LME can be interpreted as a toughness reduction

of grain boundaries. When K at the crack-tip reaches the segregation-reduced fracture

toughness (Kc), rapid and pure mechanical failure takes place [32]. The effects of grain

boundary impurities on LME is well evidenced by Meshinchi et al. [119]. In the Ni-Bi
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Figure 2.25: Two-dimensional demonstration of (a) clean, (b) impurity-segregated 53 tilt
grain boundary where dashed and dotted lines indicate normal M-M metallic bonds and
modified M-M bonds due to the impurity segregation, respectively, and (c) the proposed
model [114].

couple it has been found that the addition of minor amounts of impurities (co-dopant) in

either the solid or embrittler significantly alters embrittler penetration behavior. It was

seen that 0.5 at.% of impurity can enhance the penetration depth of liquid metal about

six times. The impurity presence also affects the equilibrium dihedral angle in the LME

initiation stage. Although the segregation of impurities into grain boundaries reduce their

energy, imposing a negative influence on the dihedral angle (increased angle), the presence

of impurity can have a larger impact on reducing solid-liquid interface energy. This will lead

to an overall decrease in dihedral angle, increasing LME severity. For instance, reduction

of dihedral angle from 45 to 10 can increase the penetration depth by 4.7 times [119]

(Figure 2.26).

The proposed influence of impurities on dihedral angle by Meshinchi et al. [119] is

consistent with the Rice-Wang model [110] of intergranular embrittlement and impurity

effect on stress-corrosion-cracking behavior stated by Glickman [105]. As discussed earlier,
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Figure 2.26: Schematic illustration of the effect of impurity on enhancing intergranular
embrittler penetration (Note: the red dots represents the impurity) [109].

there is a reduction in grain boundary strength through changes in interface energy, caused

by straining due to atomic size difference, and electronic structure modification. Regardless

of contribution of each of these concepts in grain boundary decohesion, grain boundary

impurity segregation can significantly affect adsorption of embrittler atoms ahead of crack.

As a whole, combining the effects of material impurities stated above with the influence of

grain boundary-segregation of impurities on mechanical robustness of grain boundary in

respect to the “pure-mechanical” stage of crack progression, explains detrimental influence

of grain boundary impurity segregation on LME-susceptibility.
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Chapter 3

LME-cracking in externally loaded

laser welding of AHSS1

3.1 Overview

Despite frequent reports of LME during resistance spot welding (RSW), no work has been

done to investigate the LME sensitivity in LBW of AHSS. This chapter discusses Zn-

induced LME in 3 different AHSS grades: 22MnB5 PHS, medium-Mn TRIP, and TWIP

steels. The results show a direct relation between the external load and LME suscepti-

bility, where a threshold tensile stress is necessary to trigger the embrittlement. Electron

backscatter diffraction (EBSD) in conjunction with electron probe micro-analyzer (EPMA)

results confirmed the intergranular penetration of Zn along the prior austenite grain bound-

1This chapter consists of two published Manuscripts: 1-Materials Design, available online:
https://www.sciencedirect.com/science/article/pii/S0264127518304507, MH Razmpoosh, A Macwan, E
Biro, DL Chen, Y Peng, F Goodwin, Y Zhou, 2018, 2-Materials Characterization, available on-
line: https://www.sciencedirect.com/science/article/pii/S1044580318318515, MH Razmpoosh, E Biro, DL
Chen, F Goodwin, Y Zhou, 2018.
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aries in upper-critical heat-affected-zone (UCHAZ) of 22MnB5 steel. In 22MnB5 steel, the

presence of Zn over the maximum Zn-solubility of austenite promotes α-Fe(Zn) transfor-

mation along the LME-crack, which assists ductility loss. In TWIP steel, EPMA results

revealed the sequence of LME micro-events: stress-assisted diffusion of Zn into the austen-

ite grain boundaries (ahead of crack-tip), and further liquid-Zn penetration (shown by the

peritectic reaction) leading to the decohesion.

3.2 Background

3.2.1 LME in 22MnB5 Press-hardening Steel

In recent years, the production of ultra-high strength components with tailored properties

by press hardening of boron steels (e.g. 22MnB5) gained a growing attention for several

potential applications such as: A-pillars, B-pillars, bumpers, roof rails, rocker rails, and

tunnels [120–126]. Due to issues regarding the Al-Si-coating mixing into the fusion zone

and formation of a continuous structure of δ-ferrite, Zn-coating arose as an alternative

for the conventional Al-Si-coating for preventing oxidation and decarburization during

press-hardening of boron steels [127]. Recently Kang et al. [18] showed the susceptibility

of Zn-coated PHS to the intergranular embrittlement through Gleeble high-temperature

tensile testing. As claimed by these authors, premature failure occurred in Zn-coated

PHS at 850◦C due to LME and ductility decreased from 35% to 9%. In addition, Lee et

al. [7] reported the occurrence of LME during austenitization/die-quenching of Zn-coated

22MnB5 steel in the outer wall of the press-hardened component.

These results demonstrate that Zn-coated PHS has a potential for Zn-LME when sub-

jected to high-temperature processes under applied tensile stresses, such as laser welding.
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Hence, this chapter addresses the influence of process and material parameters on LME

phenomenon during LBW of Zn-coated 22MnB5 PHS. The present findings also provide a

new insight on LME during the production of tailor welded blanks (TWBs) of Zn-coated

AHSSs in automotive structural components.

3.2.2 LME in TWIP and TRIP Steels

Austenite-containing AHSS grades have received significant commercial and research in-

terest because of their exceptional combination of strength and ductility for automotive

applications. Among the best known are the classes of TWIP and medium-Mn TRIP

steels, in which the austenite phase is stabilized by the addition of high amounts of Mn

[129,130]. A high volume fraction of austenite provides a high work-hardening rate through

mechanical twinning and deformation-induced martensitic transformation in TWIP and

TRIP steels, respectively [131–134]. Zn-based coatings are most commonly used to protect

TWIP and MMn-TRIP steels from environmental corrosion; however, the co-presence of

a high austenite fraction and Zn-coating has been found to result in severe sensitivity to

LME in RSW [135–137].

Based on Gleeble thermomechanical simulation results, Beal et al. [138] reported a

drastic reduction in fracture strength and ductility in electrogalvanized (EG) 22Mn-0.6C

full austenitic TWIP steel between 700 and 950◦C. LME became more severe when Glee-

ble tests were carried out with reduced holding times at elevated temperatures before the

application of tensile stress. At longer holding times, the formation of Fe-Mn-Zn inter-

metallic compounds at the steel-Zn interface suppressed embrittlement [138]. In other

words, by consumption of liquid Zn through the formation of intermetallic compounds,

lower amounts of liquid-Zn remained to induce embrittlement. It was also suggested that
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the presence of intermetallic phases could act as a barrier between the steel and liquid-Zn

[138]. From a practical point of view, during welding, areas of the weld zone are exposed

to tensile loading and a temperature range of 700-950◦C for short times. RSW and LBW

are considered as the main joining methods for thin sheets in the automotive industries.

So far, several researchers showed that Zn-coated TWIP steels are prone to Zn-induced

embrittlement during RSW. Ashiri et al. [16] showed that, LME could considerably affect

the weldable current range of Fe-15Mn-0.5C-2Al TWIP steel. Higher peak temperatures

induced by the high electrical resistivity of TWIP steel (rapid nugget growth) and simul-

taneous presence of liquid Zn resulted in a severe LME cracking. Moreover, it has been

shown that the sensitivity of Zn-LME is highly reliant on Zn-coating type. In this regard,

GI-coated TWIP steel possesses the highest susceptibility, compared to Galvannealed (GA)

and EG-coatings [17].

Based on experimental [7,83,84] and simulation [3,6] research, the tendency to exhibit

LME is also governed by the external variables such as composition of the liquid, tem-

perature, and the applied stress. Specifically, it is reported that the penetration depth of

liquid layer into the grain boundaries is highly dependent on the applied stress [3,83,139].

According to Nam et al. [3], it is confirmed that liquid-Ga penetrates into the Al grain

boundaries much faster by increasing the applied uniaxial tensile stress. More importantly,

it has been shown that the effect of the applied stress on Ga penetration depth at the early

stage of liquid groove formation is not significant [3]. However, the applied tensile stress

over a threshold substantially accelerates grain boundary penetration. Temperature, as

the other main external variable, is believed to substantially affect the LME phenomenon

[3,140]. Simulation results [3] confirmed that the increase in temperature accelerates nu-

cleation of dislocations along the grain boundaries and overall penetration of the liquid

metal.
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From a practical point of view, temperature range of 700-950◦C and low exposure

times could easily come across during welding. In contrast to several studies on LME

susceptibility during RSW of TWIP and TRIP steels [15–17,90], there is a lack of knowledge

on LME sensitivity during LBW of austenitic TWIP, the new class of austenitic-ferritic

MMn-TRIP, and boron press-hardening steels. LME in LBW has only briefly been reported

by Favez et al. [139]. This study investigated liquid metal penetration into the austenite

grain boundaries in regions adjacent to the weld line during LBW. It is suspected that the

presence of liquid-Zn during LBW of AHSS and the stress generated due to clamping could

lead to LME crack formation and therefore, affects the structural integrity of the joints

and performance of the parts. This chapter studies LME during restrained laser welding

of the representative AHSS grades from different generations: 22MnB5 press-hardening,

austenitic TWIP, and MMn-TRIP steels.

3.3 Experimental procedure

22MnB5 boron steel sheets with a nominal thickness of 1.2 mm were used in the present

study. Table 1 shows the chemical composition of the experimental material. The GA-

coating was characterized in detail by means of EPMA and X-Ray Diffraction (XRD). The

chemical compositions of the TWIP and MMn-TRIP steels are given in Table 1. The MMn-

TRIP steel sheets (1.45 mm thick) were GI-coated (coating weight of 50 g/m2 per side) and

the TWIP steel sheets (1.2 mm thick) were bare. Figure 3.1a shows the experimental setup

for applying external loading during LBW. Externally loaded laser bead-on-plate (BoP)

trials were performed using an IPG Photonics ytterbium fiber laser system (YLS-6000-S2)

mounted to a Panasonic robotic arm. The fiber core diameter, the spot size, and the beam

focal length were 0.3, 0.6 and 200 mm, respectively. The experiments were carried out using
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Table 3.1: The chemical composition (wt.%) of the experimental 22MnB5, TWIP and
MMn-TRIP steels

Steel C Mn Si P S Al Cr Ti B Fe
22MnB5 0.23 1.2 0.25 0.016 0.002 0.05 0.20 0.031 0.0030 Bal.
TWIP 0.48 14.1 0.04 0.010 0.001 1.95 - - - Bal.
TRIP 0.15 10.4 0.17 0.010 0.010 1.49 - - - Bal.

a laser power range of 4-6 kW and a travel speed range of 8-20 m/min. The machined

tensile specimens were used for the laser lap joining of TWIP-TRIP steel and 22MnB5 BoPs

are shown in Figure 3.1b and Figure 3.2, respectively. The direction of the applied tensile

stresses was parallel to the direction of welding, and the laser bead located at the center

of the gauge length. The engineering stress vs. strain curve of the as-received 22MnB5

steel is shown in Figure 3.3 (yield strength of 410 MPa and ultimate tensile strength of 600

MPa). In the 22MnB5 BoP, the normalized tensile stress with respect to the yield strength

of the experimental material has been taken into consideration. The engineering stress vs.

strain curve of the as-received TWIP and MMn-TRIP steel are shown in Figure 3.4. The

results showed yield strength of about 530 and 1100 MPa for TWIP and MMn-TRIP steel,

respectively.

In order to investigate the microstructure, sections were cut from the welded material

in a plane parallel to the weld line (3mm far from the weld centerline). After mount-

ing, precise grinding (1200 grit) was followed to reach LME-cracks. Afterwards, the pre-

pared samples were polished to a 0.25m diamond finish, and were investigated via scan-

ning electron microscopy (SEM), equipped with energy-dispersive spectroscopy (EDS) and

wavelength-dispersive spectroscopy (WDS) for elemental analysis. Detailed analysis of the

microstructure and the grain boundaries was carried out by means of EBSD. The EBSD

samples were mechanically polished using oxide polishing suspension (OPS) suspension.

44



Figure 3.1: (a) The developed setup to apply external loading during laser lap welding,
and (b) a schematic illustration of the lap joining specimen geometry and configuration.

The EBSD analysis was carried out by JEOL JSM 7000f field-emission gun SEM

equipped with the HKL Technology EBSD system. The acquisition of data was carried

out by the Oxford Instruments Aztec software. For EBSD measurements, a step size of

0.25 m, working distance of about 15 mm, and an accelerating voltage of 20 kV were used.

The post-processing of the collected data was performed by an HKL Channel5 software.

Low-angle boundaries (LABs) and high-angle boundaries (HABs) were defined as grain

boundaries with a misorientation of 0.7◦ < θ < 15◦ and θ > 15◦, respectively.

Various approaches could be used to determine the LME susceptibility: total length

of cracks or an overall number of cracks as well as the maximum crack length [141]. As

reported by Ashiri et al. [16], the longest cracks could propagate easier under the action
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Figure 3.2: Schematic illustration of the specimen, weld line configuration and the observed
LME-cracks within the UCHAZ (weld line: 50mm in length) (BM: Base material, FZ:
Fusion zone, UCHAZ: Upper-critical heat-affected zone).

Figure 3.3: Engineering stress-strain curve of the as-received 22MnB5 steel.

of applied stresses because less energy is required. Therefore, the average length of the

longest observed micro-cracks in 3 identical welds (100 mm) has been taken into consid-

eration in the present study (Hereafter, the mean crack length is defined as an average of

maximum crack length). The term of “micro-crack” refers to LME-cracks with a length
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Figure 3.4: Engineering stress-strain curve of the experimental TWIP and TRIP steels.

below 10µm. Any longer crack is referred as “LME crack”. It should be noted that ac-

cording to GM4485M specification for laser welds [142], the joint shall be free of any crack

size.

3.4 Results and discussion

3.4.1 LME in 22MnB5 Press-Hardening Steel

Figure 3.5 shows the initial microstructure of the as-received 22MnB5 steel with a ferritic

matrix and dispersed colonies of pearlite structure. Moreover, Figure 3.5b-d present the

SEM cross-section view of the Zn-coating. The micrograph and EPMA elemental distri-

bution map results illustrate the presence of two main layers inside the coating. In order

to provide identification of the phases, XRD analysis was carried out and the results con-
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firmed that the coating mainly consisted of Γ-Fe3Zn10, Γ1-Fe5Zn21 and δ-FeZn10 phases

(Figure 3.5e). Therefore, the uppermost layer (∼ 7µm in thickness) has been identified

as δ-phase and Γ/Γ1-phases and were located in the steel-coating interface (∼ 1− 2µm

in thickness). The presence of Γ/Γ1 and δ phases in the coating is in accordance with

previous research works, where the (Γ/Γ1) and δ phases are holding about 75 and 90 wt.%

of Zn, respectively [143].

Figure 3.5: (a) Representative microstructure of the as-received 22MnB5 steel, cross sec-
tional (b) EDS elemental distribution map, (c) SEM micrograph, (d) EPMA Zn distribution
map, and (e) XRD phase identification of the Zn-coating (where F: Ferrite, P: Pearlite).

48



It has been observed that laser welding under the applied external load results in the

formation of several cracks in the UCHAZ. The influence of the applied external load

on mean LME-crack length is shown in Figure 3.6, where the normalized tensile stress

to the yield strength (YS) of the experimental material was used. As seen, LME micro-

cracking occurs between 80 to 110% of YS. However, LME-free joints can be achieved if the

applied tensile stress is less than 80% of YS. Figure 3.7a presents the cross-sectional view

of the UCHAZ, where LME micro-cracks appear. Micro-crack initiates from the coating-

steel interface and subsequently propagates into the steel substrate. The EDS analysis

confirmed the presence of Zn in the vicinity of micro-crack, showing the role of penetrated

Zn in weakening at early stages of micro-crack formation (Figure 3.7b).

Figure 3.6: Mean crack length vs. the applied tensile stress (under constant heat input
per unit thickness of 20 J/mm2).
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Figure 3.7: (a) Representative LME micro-cracks formed in the UCHAZ under external
loading (white arrows), and (b) the corresponding Zn and Fe element map of the LME
micro-crack and Zn distribution along the dashed line.

It was observed that at 115% of YS, LME-cracks with an mean length of about 70µm

appear in the UCHAZ (Figure 3.8a). Ultimately, by exceeding 120% of YS, abrupt rupture

during LBW takes place, which is attributed to a rapid crack propagation into the fusion

zone (FZ). Figure 3.8b shows the propagation of LME-cracks from the UCHAZ into the

FZ at tensile stresses over 120% YS. In other words, due to a low strength of the molten

material in the FZ, any propagation of cracks into the FZ at high stresses result in sudden

fracture. Micrograph taken from the fracture surface indicates the presence of 14.9 wt.% of

Zn (Figure 3.9b). The observed behavior is in agreement with the LME-failure of Zn-coated

22MnB5 steel under high-temperature tensile testing at 850◦C [18].
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Figure 3.8: (a) SEM micrograph and Zn distribution map of the LME-crack at 115% of
the YS, and (b) propagation of LME-cracks formed within the UCHAZ to the FZ during
abrupt rupture (arrows) and the presence of Zn on the fracture surface of the specimen.
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EBSD results of the LME-crack opening area in the UCHAZ is shown in Figure 3.9.

The EBSD phase map (bcc-phase: red), as well as the orientation map, confirms the pres-

ence of a fully martensitic structure with a lath martensite morphology in the vicinity of

the LME-crack. The presence of negligible retained austenite in the martensitic structure

is attributed to the very high hardenability of the material as a consequence of the boron-

addition, and is in agreement with previous reports [144,145]. As discussed, the emerged

austenite grains in the UCHAZ transforms to martensite during the cooling cycle due to

the high hardenability of 22MnB5 steel. To elucidate the role of austenite grain bound-

aries in penetration of Zn, prior austenite grains (PAGs) should be identified. Based on

the literature, there are two main methods for reconstruction of PAGs from EBSD data:

complex reconstruction algorithm developed by Nyyssönen et al. [146] and the simpler

method described by Hutchinson et al. [144]. The later method is mainly supported by

the fact that in a typical martensitic structure boundaries resulting from shear transfor-

mation are either LABs or in the range of 50 to 63◦ [147]. As Ryde [147] suggested, PAGs

in EBSD map could be identified by HABs excluding misorientations around Σ3, as most

of the boundaries resulted from martensitic transformation show Σ3 relationship. In con-

trast, packets of martensite commonly have misorientation over 5◦ [147]. Based on the

comparison by Jarvinen et al. [148], it is indicated that both methods reconstruct almost

the same PAG structures. Therefore, in this study PAG structure reconstructed from the

EBSD data following the method used by Hutchinson et al. [144]. Figure 3.10a represents

the modified EBSD grain map near the LME-crack opening area, revealing prior austen-

ite grain boundaries (PAGBs) (blue lines). The LME-crack propagated intergranularly

along prior austenite HABs and it is most likely that the LME-crack did not follow the

martensite packet boundaries. This indicates that the LME-crack only propagated before

the transformation of martensite during the cooling cycle of the welding. Otherwise, due
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to the stress concentration at the tip of the crack after the formation of martensite, the

LME-crack tends to follow inter-packets route as well. EPMA Zn-distribution and EBSD

maps in Figure 3.10b and c also show how Zn penetrated along PAGBs in side-branches

of the main LME-crack. Same color arrows in Figure 3.10b and c illustrate corresponding

PAGBs and Zn-penetration.

Figure 3.9: The EBSD (a) phase map (red: bcc, blue: fcc), (b) orientation map around
the LME-crack opening area, (c) the presence of the martensite lath structure around the
LME-crack (M: Martensite).
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Figure 3.10: (a) and (b) Prior austenite grains boundaries (blue lines) around the LME-
crack opening area, and (c) corresponding EMPA Zn distribution map (same color arrows
show the diffusion of Zn along the austenite high-angle boundaries) (PAG: Prior austenite
grains).

It is noted that due to the limited solubility of Zn in austenite at 900◦C, Zn acts as

ferrite stabilizer [128]. As claimed by Cho et al. [13], the formation of α-Fe(Zn) at regions

surrounding the LME-crack assist the loss of ductility. Figure 3.11a indicates a quantitative

distribution of Zn at the LME-crack and side-branches. According to Figure 3.11b, the

Zn content in the crack is in the range of 5-42 wt.%. As delineated by Kang et al. [18],

the maximum solubility of Zn in austenite and ferrite at the UCHAZ temperature range

(>850◦C) is about 7 and 40 wt.%, respectively. Therefore, the presence of 42 wt.% Zn in
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the vicinity of the LME-crack is in accordance with the solubility range of Zn in ferrite. In

other words, as the local Zn-content exceeds the maximum solubility in the austenite (7

wt.%), α-Fe(Zn) becomes stable over the austenite. By the formation of α-Fe(Zn) around

the PAGBs, Zn content could reach up to 45 wt.%. It is worth noting that lower Zn-content

in the side-branches indicates the diffusional nature of Zn penetration along PAGBs (Figure

3.11b).

So far, different approaches [147,149] have been proposed to discriminate ferrite and

martensite as they possess close crystal structure and hence, similar appearance in EBSD

phase map. Cho et al. [13] differentiated α-Fe(Zn) grains on either side of LME-crack

based on the absence of lath martensite morphology. Other research works [147,149] also

pointed out other approaches such as the threshold image quality, the band slope tech-

nique and differentiation based on grain size distribution, and morphology. However, the

morphology-based technique was used in the present work as the stable α-Fe(Zn) grains

did not participate in martensitic transformation during the cooling cycle. Figure 3.11c

represents the EBSD orientation map in the vicinity of the LME-crack. As arrows indi-

cate, the penetration of Zn along the austenite HABs at elevated temperatures promoted

the formation of fine α-Fe(Zn) grains holding an orientation different from the marten-

sitic matrix. It should be noted that only boundaries in the range of 15-50◦ have been

revealed in Figure 3.11c. This allows nucleated fine α-Fe(Zn) grains (showing HABs) to

be differentiated from potential martensite packets or lathes.
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Figure 3.11: (a) EPMA Zn distribution mapping in vicinity of the LME-crack, (b) cor-
responding EPMA line scan analysis over the white dashed line as well as the maximum
solubility of Zn in γ and α, and (c) the formation of fine α-Fe(Zn) grains along the LME-
crack opening (white arrows γ: Austenite, α:Ferrite).
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To provide a thorough understanding of the underlying LME mechanism in LBW of GA-

coated 22MnB5 steel, the schematic of multiple stages of the embrittlement is illustrated

in Figure 3.12. In this model, first, the δ and Γ/Γ1 phases within the coating partially melt

over the UCHAZ during the heating cycle. As mentioned earlier, Γ/Γ1 and δ phases are

holding about 75 and 90 wt.% of Zn, respectively. According to the Fe-Zn binary phase

diagram [150] and due to the different Zn-contents, partial melting of Γ and δ phases starts

at 782 and 665◦C, respectively. It is most likely that the partially melted Zn reaches the

steel interface mainly by flowing through the pre-existing cracks in the brittle coating or

the cracks created due to the applied tensile stresses (II). As the liquid-Zn reaches the

substrate, it starts to penetrate by diffusion through the austenite grain boundaries (III).

By penetration of Zn along the austenite HABs and under the effect of the applied tensile

stress, a LME-cracks opens. By rapid crack opening, it is expected that more fresh liquid-

Zn could flow into the crack and crack opening becomes self-boosted. In this manner,

the local propagation path of the crack is governed by the austenite HABs; however, the

overall crack propagation path is controlled by the direction of the applied tensile stress. As

mentioned, by the accumulation of Zn along austenite HABs and exceeding the maximum

Zn-solubility in austenite (7 wt.%), α-Fe(Zn) starts to form locally at the crack opening

area as a result of the Zn strong ferrite stabilizing effect. The diffusivity of Zn in γ-Fe

and α-Fe at 850◦C is 1.11×10−17 and 3.53×10−15 m2/s, respectively [18]. Therefore, the

formation of α-Fe along the LME-crack promotes Zn penetration due to the higher diffusion

distance of Zn. In accordance with the previous reports [13,18,128], the formation of α-

Fe(Zn) in Zn-penetrated regions at high temperatures adjacent to austenite could assist

the loss of ductility as the ferrite is a soft phase. Finally, during the cooling cycle, austenite

transforms into a lath martensitic structure; however, α-Fe(Zn) fine grains adjacent to the

LME-crack remain stable due to high Zn-content (stage IV).
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Figure 3.12: The schematic of LME mechanism during FLW of GA-coated 22MnB5 steel
(α: Ferrite, P: Pearlite, γ: Austenite, α′: Martensite, δ: Fe-Zn delta-phase, L: Liquid,
Γ/Γ1: Gamma/Gamma1).

3.4.2 LME in TWIP and MMn-TRIP steels

The initial microstructures of the as-received TWIP and MMn-TRIP steels are shown in

Figure 3.13. According to Figure 3.12a, the MMn-TRIP steel microstructure consisted of

an ultrafine lamellar austenite in a ferritic matrix. The mean austenite lamella width was

approximately 120 nm. By means of image processing, the austenite volume fraction in

the initial structure was determined to be about 50%. The lamellar austenite structure

agrees with previous research on MMn-TRIP steel [151]. In contrast, the EBSD analysis

confirmed a fully austenitic microstructure of TWIP steel with a mean grain size of about

3 µm (Figure 3.13b).

Effect of the external tensile stress on LME susceptibility

As described by several researchers [42,138,152], the simultaneous presence of sufficiently

high tensile stresses and a liquid film in a sensitive polycrystalline material leads to grain

boundary decohesion. To investigate the role of a tensile load on the LME cracking, LBW

trials have been performed under different external loading conditions. The mean length
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Figure 3.13: The initial microstructure of (a) MMn-TRIP, and (b) TWIP steels (A: austen-
ite and F: ferrite).

of LME-cracks in TWIP and MMn-TRIP steel versus the applied external load is shown in

Figure 3.14. The results show that the LME mean crack length increases with increasing

applied load, where TWIP steel shows longer cracks compared to TRIP steel (i.e. higher

LME susceptibility in the TWIP steel). According to Figure 3.14, the YS of TWIP steel

is much lower than that of the TRIP steel. Hence, in addition to higher austenite volume

fraction in the TWIP steel, higher LME susceptibility in the TWIP steel can be attributed

to lower YS of the material.
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Figure 3.14: Mean crack length versus the applied load in the TWIP and TRIP side of the
joint.

LME crack characterization

Figure 3.15 illustrates the occurrence of multiple LME cracks with different lengths after

restrained LBW. As described before, sectioning and grinding were carried out parallel

to the welding direction to analyze LME crack within the HAZ. The results from various

welding conditions indicated that all LME cracks initiated from the TWIP-TRIP interface

(Figure 3.15a and b), where Zn-coating from the TRIP side of the joint penetrated into the

TWIP side. Even though TWIP steel is not coated, the liquid-Zn from the TRIP side of

the joint penetrated along the grain boundaries within the HAZ and created several LME

cracks under the applied external stress. The length of the LME cracks are of the order of

100 µm (Figure 3.15c), which is much longer than the acceptable crack length of 10 µm

[153]. In addition, as Figure 3.15d shows LME cracking has also occurred in the TRIP side
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Figure 3.15: SEM micrographs showing (a) overview of LME cracks formed within the
HAZ, (b) Zn-coating between two sheets, (c) LME cracks in TWIP side of the joint, and
(d) representative LME crack in MMn-TRIP side of the joint (black arrow).

of the joint; however, it has been observed that the total number of LME cracks and the

mean crack length are lower than on the TWIP side of the joint.

Figure 3.16a shows EDS Fe and Zn element mapping of a representative LME crack

region in the TWIP side of the joint. As seen, a considerable amount of Zn is present

inside the crack where it penetrated very deep along the crack. The temperature within

the HAZ during LBW of AHSSs exceeds 700◦C, falling between the Zn melting and boiling

points of 419 and 907◦C, respectively [154]. Accordingly, the GI-coating transforms into

liquid phase above HAZ and penetrates along the grain boundaries during LBW. Figure

3.16b and c demonstrate the detailed EPMA maps of Zn distribution at the middle and

the tip of the LME crack. From Figure 3.16b and c, it may be seen that the Zn-content
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at the tip of the crack (I) is less than points II and III. Ashiri et al. [17] and Kang et

al. [18] also observed a similar change in Zn concentration along the LME crack length.

Lower Zn-content at the crack tip is an indication that grain boundary based diffusion

is mainly responsible for the Zn-penetration. The line profiles in Figure 3.16d reveal the

Zn content inside the LME crack match the composition of the Γ-(Fe,Mn)3Zn10 phase

(72-76.5 wt.% Zn) [18]. The presence of a much lower Zn-content at the tip of the crack

is also evidence of a diffusion-based mechanism of Zn penetration. However, the very

large penetration depth of Zn (hundreds of micrometers) cannot be justified by only Zn-

diffusivity along the austenite grain boundaries. In other words, the observed depth of Zn

penetration is orders of magnitude higher than the predicted solid-state diffusion distance

of Zn-atoms in the short time period of laser welding. Therefore, the considerable depth of

Zn penetration is attributed to the stress-assisted diffusion mechanism [18,105]. As a result

of Zn accumulation in the grain boundary, Zn content exceeds the maximum solubility limit

in austenite [18]. Over the maximum solubility limit, liquid-Zn starts to form along the

austenite grain boundaries. Afterwards, as a consequence of liquid-Zn film presence along

grain boundaries, the metallic bond weakening takes place [42], and subsequently, the initial

LME crack opens up. It is most likely that by the crack opening, more liquid-Zn from the

melted GI-coating flow into the crack through a well-established capillarity effect. More

fresh liquid-Zn inside the crack promotes further Zn-penetration and eventually under the

applied tensile stresses LME-crack could propagates even more rapidly. During the cooling

phase of the weld cycle, after crack propagation ended, the liquid phase inside the crack

and the austenite matrix in the vicinity of crack composed of Fe and Mn in addition to Zn

due to matrix solid-state diffusion tend to transform into Γ-(Fe,Mn)3Zn10 phase through

the following peritectic reaction (Eq.3.1):
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γ(Fe,Mn,Zn) + Liq.Zn(Fe,Mn− saturated) −→ Γ− (Fe,Mn)3Zn10 (3.1)

The proposed mechanism is consistent with the Zn alloy inside the crack has a Zn

content of 70%, and therefore forms Γ-(Fe,Mn)3Zn10-phase. Even though Zn is a strong

ferrite stabilizer, the presence of a significant Mn-content (austenite stabilizer) in the TWIP

and MMn-TRIP steels, means that no α-Fe(Zn) phase forms in the vicinity of the LME

crack.

The lesser extent to which LME cracking is observed in the TRIP counterpart is at-

tributed to the initial structure. According to Figure 3.13a, initial microstructure of the

MMn-TRIP steel is comprised of fine needle-like austenite phase surrounded by a ferrite

matrix, and most of the boundaries are inter-phase type. In contrast, the initial structure

of the TWIP steel is fully austenitic (Figure 3.13b), and therefore, the occurrence of LME

is not dependent on the Ac3 temperature. The plausible explanation for the occurrence

of the LME-cracking in the TRIP counterpart relies on the austenite grain boundaries

emerged within the HAZ during the heating cycle of LBW. A fully austenitic structure

would appear within the UCHAZ, where the temperature exceeds the Ac3 temperature of

the material (∼780◦C). The η-phase as the main phase of GI-coating tends to vaporize at

∼900◦C [155]. Therefore, the temperature window (∼750-900◦C) for the concurrent pres-

ence of liquid Zn and susceptible microstructure (two main prerequisites of LME) is narrow.

Figure 3.17a and b shows the EBSD orientation and corresponding Zn penetration map of

a representative LME crack in the TWIP side of the joint. According to the IQ-map in

Figure 3.17c, the LME crack propagated intergranular (along austenite HABs, black lines).

The overall LME crack propagation path is governed by direction of the applied tensile

stress; however, the local propagation path is governed by the grain boundaries.
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Figure 3.16: (a) EDS elemental map of the LME-crack showing the Zn-penetration, EPMA
analysis at (b) tip, (c) middle part of the LME crack, and (d) Zn concentration profile in
various regions of the LME crack and Γ-phase Zn-content range.
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Figure 3.17: The overview of EBSD analysis of a representative LME crack, (b) Zn-
penetration along the LME crack, (c) IQ map at the tip of the LME crack showing the
propagation along the austenite grain boundaries.
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3.5 Summary

The present chapter studied barely reported LME during LBW of Zn-coated 22MnB5

press-hardening, medium-manganese TRIP, and TWIP steels. The following conclusions

could be drawn:

(a) Detailed EPMA results indicated the presence of Γ-(Fe,Mn)3Zn10 phase inside

the cracks, showing the penetration of liquid-Zn during welding. Based on the crack tip

analysis, the stress-assisted diffusion of Zn into the austenite grain boundaries and further

liquid-Zn penetration was confirmed by the peritectic reaction.

(b) The results indicated that there exists a direct correlation between the applied

external load and LME susceptibility. The threshold tensile stress of about 80%YS is

necessary to trigger LME during LBW of 22MnB5 steel. A direct correlation between the

applied external load and LME susceptibility was also observed in the TWIP and TRIP

steels, however, the TWIP side of the joint showed a higher LME sensitivity compared to

the TRIP side.

(c) The accumulation of Zn along the HABs over the maximum solubility in the austen-

ite, promotes α-Fe(Zn) formation in 22MnB5 steel. The formation of α-Fe(Zn) along Zn-

penetration area assist the loss of ductility due to the higher Zn diffusivity in α-Fe. The

diffusion-based penetration of Zn along austenite HAGs was also confirmed.
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Chapter 4

Investigation of Grain Boundaries

Role in LME: Geometrical

Characteristics1

4.1 Overview

Although advances have been made in understanding LME, the role of grain boundary type

and characteristics (e.g. grain boundary misorientation angle and grain boundary crystal-

lographic plane) is not fundamentally understood. As shown in the previous chapter,

during the welding process, AHSS grades undergo phase transformations due to elevated

temperature and extremely high cooling rates. Although PAGBs can be revealed by EBSD

1This chapter consists of two Manuscripts 1- Published Manuscript in Materials Letters, available online:
https://www.sciencedirect.com/science/article/pii/S0167577X20302160, MH Razmpoosh, A Macwan, F
Goodwin, E Biro, Y Zhou, 2020, and 2- Published Manuscript in Metallurgical and Materials Transac-
tions A, available online: https://link.springer.com/article/10.1007/s11661-020-05857-3, MH Razmpoosh,
A Macwan, F Goodwin, E Biro, Y Zhou, 2020

67



analysis, due to severe atomic orientation alterations during non-equilibrium phase trans-

formations, reconstruction of parent grain boundary characteristics is challenging. Hence,

Chapters 4 to 6 focus on LME in a fully austenitic stainless steel (grade 304) to avoid this

issue, and accurately identify grain boundary characteristics.

This chapter first shows that liquid metal penetration mainly occurs in random-grain

boundaries, where its propagation path is a function of misorientation angle (θ) and stress

component perpendicular to grain boundary plane. In contrast, low-Σ CSL boundaries: Σ3

(θ=60◦) and Σ5-9 (∼θ=40◦) resist LME, even at the maximum stress component. Triple

junctions of CSL and random grain boundary block liquid metal penetration through

modifying of the random grain boundary misorientation angle. The recently developed

trace analysis has been applied to the grain boundaries exhibiting LME cracking. Despite

the presence of a diverse range of low- and high-index planes in the entire population of the

grain boundaries, liquid metal selectively penetrated high-index random grain boundary

planes.

4.2 Background

Grain boundaries act as strong barriers against dislocation motion and can effectively

strengthen polycrystalline metals. However, grain boundaries are structural defects with

excess free energy, which makes them as the most sensitive sites for atomic decohesion.

There are many examples of intergranular degradation such as stress-corrosion-cracking

[97,156–158], hydrogen embrittlement [159–161], and LME [3,16,17,19,20,107]. In LME,

exposure of stressed ductile metals to certain aggressive liquid metals (known as an LME

couple) triggers rapid brittle fracture along grain boundaries [3,107]. The most frequently

reported LME couples in the present literature are Al-Ga [6,45,83], Ni-Bi [10,11], Cu-
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Bi [5,116], and Fe-Zn [13,18,20]. While LME-crack progression along grain boundaries

is well-documented in the literature, little is known about dependence of LME on the

grain boundary character distribution (GBCD). To provide a mesoscopic description of a

3-dimentional grain boundary, five independent crystallographic parameters are required:

three parameters to determine the misorientation angle, and two parameters for the incli-

nation of the grain boundary plane [162–164].

As discussed in Chapter two, several experimental [5,83–85,116,165] and atomic scale

simulation studies [3,6] proposed models to describe the role of grain boundaries in LME.

Two models are particularly noteworthy: the SJWK model [166,167] states that chemisorp-

tion of liquid metal to crack tip occurs, then the applied tensile stress causes complete

debonding and cracking. Conversely, the Krishtal-Gordon-An [96,106] model describes the

key role of stress-assisted grain boundary diffusion of embrittler atoms, which precedes the

cracking. While the SJWK model emphasizes cohesive strength decrease by the presence

of liquid metal at the crack tip, the Krishtal-Gordon-An model states that stress-assisted

grain boundary diffusion (solid state) of embrittler atoms along grain boundaries occurs

ahead of crack, and then accumulation of embrittler atoms over a sufficient concentration

opens the grain boundary [20-23]. The recent studies also indicated the role of interfacial

compounds and phase-transformations [13,20,128] along grain boundaries, which accelerate

grain boundary decohesion.

The first insights into the influence of grain boundary characteristics on LME have

been provided through atomistic modeling [168,169], where grain boundaries with energy

lower than 0.55 J/m2 show lower penetration susceptibility; However, LME susceptibility

increases with increasing grain boundary energy to the maximum of 0.65 J/m2 and then

decreases [84]. In the case of CSL boundaries, it was shown that low-Σ CSL boundaries like

Σ11 (grain boundary energy of 0.15 J/m2) show significantly lower LME susceptibility than
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those with high Σ-values (Σ >29), and random grain boundaries [84]. Apart from the grain

boundary energy role, grain boundary excess volume (per unit area of grain boundary) also

corresponds to LME susceptibility. At grain boundary excess volume values over 0.5 Å,

LME increases drastically; however, grain boundaries with low values of excess volume

(<0.4 Å), with tightly packed structures, show little or no LME. It is believed that grain

boundary excess volume for CSL boundaries (such as Σ11 with a grain boundary excess

volume of 0.13 Å) is low, and consequently their grain boundary energy is half to one-third

as much as those of random grain boundaries [84].

Although atomic-scale modeling introduced as a powerful technique for understand-

ing the embrittlement mechanism in the Al-Ga system, from a practical point of view, it

is limited to very low numbers of modeled atoms and extremely short times. Therefore,

atomic-level modeling seems unrealistic in prediction of LME in real-life scales. In addition,

most of the experimental studies in this field have focused on materials with complex mi-

crostructures, which have undergone multifaceted phase transformations during processing;

Therefore, detailed examination of the prior grain boundaries after cooling to room tem-

perature is associated with many practical difficulties such as significant change of atomic

orientations through low-temperature phase transformations [20]. Hence, the present study

uncovers the contribution of random and CSL boundaries in LME of a stable FCC ma-

terial. This avoids the aforementioned practical difficulties in detailed analysis of grain

boundary characteristics. A new qualitative method is presented to map grain bound-

ary misorientation angle-stress component correlation in FCC iron-Zn couple. Moreover,

the LME susceptibility of CSL boundaries and the role of random-CSL boundary triple

junctions have been investigated.
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4.3 Experimental Procedure

304 austenitic stainless (thickness=0.9 mm) and Mn-containing steel grade (thickness=1.45

mm) sheets were used in this chapter. The Mn-containing steel was GI-coated (coating

weight of 50 g/m2 per side) and the 304 steel was bare. LME was induced in the 304

austenitic stainless steel by subjecting it to a thermal cycle from laser processing while

under tensile stress. The details of the externally loaded laser processing and the specimens

were given in Section 3.3. It must be noted that the present chapter focuses only on the

LME behavior of the 304 austenitic steel. After LME cracking was induced, samples were

prepared for examination using typical methods. The samples were mechanically ground

and polished to a 0.25 µm diamond finish and then a final vibratory polishing in OPS

was done for 0.5 hr to remove any undesired surface strains from the samples surface.

Detailed analysis of the grain boundaries was carried out by EBSD system attached to a

JEOL JSM 7000f field-emission gun SEM (accelerating voltage of 20kV). The step size used

for the EBSD analysis ranged 0.05-0.5 µm. Data acquisition and post-processing of the

collected EBSD data was performed by Aztec and HKL Channel 5 software, respectively.

The low-Σ CSL boundaries were detected by HKL Channel 5 software based on their

specific rotation angle and planes: Σ3: 60◦-(111), Σ5: 36.9◦-(100), Σ7: 38.2◦-(111), Σ9:

39◦-(110). The method to find misorientation angles and stress component perpendicular

to the grain boundary segments is shown in Figure 4.1. The grain boundary misorientation

angle (θ) has been measured from the orientation difference between two sides of cracked

grain boundaries. The related angle between each grain boundary segment to that of the

applied external loading (Φ) has been used for the stress component calculations. The same

calculation of stress component and misorientation angle was performed on side-branches

of Zn-penetration where no Zn penetration was seen (e.g. the boundary between the grain

71



Figure 4.1: (a) Inverse-pole-figure map of a representative Zn-penetration and (b) the
details of the method used in to analyze the GB-misorientation angle (θ) of each GB
segment, as well as the effective stress component of main penetrated GBs and the side-
branches to show the Zn-penetration susceptibility of GB segments (Note: the related angle
between each GB segment to that of the applied external loading has been considered in
all the measurements).

1 and 3 and grain 2 and 4 in Figure 4.1).

The focused ion beam (FIB) technique was used to lift-out the transmission electron

microscopy (TEM) sample from tip of the Zn-penetration. FIB lift-out was performed

using a Zeiss NVision 40 FIB-SEM. The area of interest was selected on the polished cross

section; afterwards an in-plane slice (8×8µm) of the material was lifted out and mounted

onto a TEM grid. This was followed by final FIB thinning to prepare a thin foil for further

TEM analysis. High-resolution TEM (HRTEM) observation was carried out using a FEI

Titan 80-300 HB double aberration-corrected to achieve atomic-resolution imaging. The
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HRTEM was operated at voltage of 200 keV. Electron energy-loss spectroscopy (EELS)

elemental mapping with 0.3 nm resolution was performed to investigate the distribution of

the elements along the grain boundaries.

According to the trace analysis approach [163,170], the collected EBSD data from the

grains was used to characterize the grain boundary plane orientations. In this regard,

the EBSD data was processed to construct stereographic projections from adjacent grains.

Then, the poles from each grain couple were overlaid to find the coinciding plane. It must

be noted that for the trace analysis approach, data from more than ∼160 pairs of grains

(∼70 liquid metal penetrated, and ∼90 in the initial structure without exhibiting LME)

have been examined.

4.4 Results and discussion

4.4.1 Role of grain boundary misorientation angle in LME

The microstructure of the austenitic steel had a mean grain size of about 30 µm and is

shown in Figure 4.2a. The grain boundary analysis showed that ∼78% of the high-angle

grain boundaries in initial microstructure were random (θ > 15◦) and ∼22% were CSL

boundaries (21% of Σ3, ∼1% of Σ5, Σ7, and Σ9) (Figure 4.2b and c). The Zn-penetration

initiated from the grain boundaries exposed to the Zn-coating (Figure 4.3a and b) and

rapidly propagated through the material thickness (∼0.9mm) (Figure 4.3c).

The EBSD map of random (R), CSL boundaries and a representative Zn-penetration

path is shown in Figure 4.4. The Zn-penetration changes its local propagation path selec-

tively at the grain boundary triple junctions where some of the random-grain boundaries

(despite their prefered angle to that of the applied tensile stress) are completely bypassed by
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other grain boundaries. Based on the method explained in Figure 4.1, the grain boundary-

misorientation angle of each segment of Zn-penetration was correlated to the tensile stress

component.

Figure 4.2: Detailed EBSD analysis of (a) the initial austenitic steel showing the overall
grain structure with an average grain size of about 30 µm, the (b) corresponding EBSD
map of random GBs (θ > 15◦) (black lines) and CSL boundaries (gray lines) with a total
distribution of various low-Σ boundaries in the initial structure showing the presence of
21% of Σ3 and ∼1% of Σ5, Σ7, and Σ9.
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Figure 4.3: (a and b) EBSD inverse-pole-figure and corresponding Zn-map of FCC structure
showing the Zn-penetration along FCC grain boundaries, which initiated from the Zn-
coating, and (c) the overview of the excessive Zn-penetration through the sheet thickness
(0.9 mm).

The same calculation of stress component and misorientation angle was performed on

side-branches of Zn-penetration where no Zn penetration was seen. It was observed that

high stresses are needed for liquid metal penetration at lower grain boundary misorienta-

tion; however, increasing misorientation angle will lower the required stress components to

trigger Zn-penetration and subsequent cracking (Figure 4.5). As reported by Ludwig et al.

[85], LME is directly linked to grain boundary energy. Therefore, it is logical to conclude

that at lower grain boundary energies higher mechanical energy is needed for LME. This

explains the clear border between the Zn-penetrated and non-Zn-penetrated grain bound-

aries in Figure 4.5, where stress component necessary for failure is the highest at θ ∼15◦

(corresponds to the minimum random grain boundary energy). As well, all grain bound-

aries at θ=60◦ and some of boundaries at ∼40◦ resist Zn-penetration (Figure 4.5). Recall
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Figure 4.4: (a) EBSD and (b) corresponding Zn-map of representative Zn-penetration path,
the propagation path along the random GBs with given misorientation angles (black: ran-
dom, red: CSL) showing various sharp changes at the triple junctions, and the observation
of a random GB that is completely bypassed despite the suitable direction to the applied
external load (external loading direction: horizontal).

that the material used in the present study had about 20% of Σ3 boundaries (Figure 4.2),

explaining the resistance of grain boundaries at θ=60◦ to Zn-penetration. The resistance

of some grain boundaries at θ ∼ 40◦ despite their large stress component is attributed

to Σ5-9 boundaries, which all have grain boundary misorientations of about θ=39◦ (low

grain boundary energy). Therefore, Zn-penetration only takes place in high-angle random

grain boundaries, where the minimum observed misorientation angle was about 14◦ (Figure

4.5). This is consistent with the studies [84] of LME in other systems emphasizing minor

contribution of low-angle grain boundaries (θ < 15◦) in embrittlement.
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Figure 4.5: The correlation of the GB misorientation angle-stress component (σ=1: Normal
to GB, σ=0: parallel with GB) based on the collected information from ∼20 pair of grains
showing: 1-The clear boundary between Zn-penetrated and non-Zn-penetrated random (R)
GBs where LME takes place only at high-angle random-GBs (θ > 15◦), 2- By increasing
misorientation angles of random-GBs lower stress components triggers Zn-penetration, and
3- The resistance of GBs at θ=60◦ and some of boundaries at ∼ 40◦ against Zn-penetration
that are attributed to Σ3 at θ=60◦ and Σ5-9 special (S-GB) occurring at ∼θ=39◦.

Despite similar orientation to the applied external load, some LME cracks had a depth

between 40-60% of the sheet thickness, showing that the progress of Zn-penetration was

arrested (Figure 4.6a and b). The FIB lift-out sample (Figure 4.6c) and further HRTEM

observation of the Zn-penetration tip showed that Zn penetrated along the random grain

boundary (Figure 4.7a and b); However, the detailed EELS map confirmed that Zn-

penetration was blocked at the random-CSL triple junction (Figure 4.7c and d). Atomistic-

level analysis of the triple junction in Figure 4.7e revealed that the initial misorientation

angle between the G1 and G2 increased to about 71◦. This is attributed to the twinned

area of G2 (with CSL as its boundary) which changes the initial random-grain boundary
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misorientation angle. The increase of the misorientation angle to 71◦ results in relatively

lower energy level [171,172] and consequently further suppresses Zn-penetration (Figure

4.7c).

Figure 4.6: (a) Overview of a representative arrested Zn-penetration (only penetrated
about 40% of the sheet thickness) with the corresponding Zn-map, and (b) the selected
area at the tip of the arrested Zn-penetration for (c) FIB in-plane sample lift-out to analyze
the related GB by the atomic-resolution TEM-EELS technique.
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Figure 4.7: The HRTEM observation of the prepared sample by FIB showing (a) the
arrested Zn-penetration tip along the random-GB between grains G1 and G2, (b) the
complete Zn-penetration block at the random-CSL boundary triple junction, which is con-
firmed through the (c) atomic-resolution EELS map of Zn at the triple junction. The
corresponding EELS Zn-map does not show the presence of GB liquid-metal atomic layers
ahead of the Zn-penetration. (d and e) atomic-level resolution of the GB resistant against
Zn-penetration in the twinned area of the grain 2 which shows an angle of about 71◦ to
that of the G1.

HRTEM and corresponding EELS element-maps of the Zn-penetrated portion of a ran-

dom grain boundary (∼40 nm) are shown in Figure 4.8a. Before Zn-penetration along the

random-grain boundary (ahead of Zn penetration), segregated-Cr was seen in the grain

boundary (Figure 4.8b). After Zn-penetrated and the grain boundary opened, the grain

boundary segregated-Cr (Figure 4.8b) was observed to have broken into small particles

(Figure 4.8c). Interestingly, the Zn-flow along the broken grain boundary followed a wavy

pattern, which shows that the particles of Cr along the grain boundary broke before Zn

flow started. This is evidence that the grain boundary opening precedes Zn-flow and is con-
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sistent with the Rehbinder and Shchukin [103] and SJWK [166,167] models. The very low

dislocation density in the vicinity of the Zn-penetrated grain boundary (Figure 4.8b) and

the tip (Figure 4.7a and b) also puts into question the role of dislocations (ductile-nature)

in LME. The low dislocation density agrees with the Kang et al. [18] who also showed that

there was low dislocation activity at the Zn-penetrated grain boundaries of TWIP steels

(with high-alloying element content). Hence, between the two main LME models i.e. duc-

tile (plastic deformation), and brittle-type crack propagation models, the observed low den-

sity of dislocation surrounding the liquid metal penetration confirm brittle-fracture-based

LME mechanisms (SJWK [166,167] and the Rehbinder and Shchukin [103]) compared to

ductile-fracture mechanism. Dislocation density in the vicinity of the Zn-penetrated grain

boundary (Figure 4.8b) and the tip (Figure 4.7a and b) also puts into question the role of

dislocations (ductile-nature) in LME. The low dislocation density agrees with the Kang et

al. [18] who also showed that there was low dislocation activity at the Zn-penetrated grain

boundaries of TWIP steels (with high-alloying element content). Hence, between the two

main LME models i.e. ductile (plastic deformation), and brittle-type crack propagation

models, the observed low density of dislocation surrounding the liquid metal penetration

is consistent with the brittle-fracture-based LME mechanisms (SJWK [166,167] and the

Rehbinder and Shchukin [103]) compared to ductile-fracture mechanism.
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Figure 4.8: (a) The overview of the representative GB showing the Zn-penetrated and non-
Zn-penetrated GB-sections, (b) the related side of the GB before Zn-penetration which
shows a semi-continuous precipitation of Cr along the GB, and (c) high-resolution TEM
and EELS maps of the major alloying elements of the GB after Zn-penetration reveals the
precipitated Cr has been broken into small particles and the wavy pattern of Zn-flow along
the opened GB shows that the semi-continuous precipitation of Cr along the GB has been
broken before the Zn-flow by a brittle-fracture.
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4.4.2 Role of Grain Boundary Plane in LME

The previous section described the key role of grain boundary misorientation angle and

its relative orientation to the stress direction in the local liquid-metal penetration path;

However, it calls for supplementary in-depth analysis of the other grain boundary char-

acteristics to explain why grain boundaries with similar misorientation angles show liquid

metal penetration in a wide range of stress-components. Therefore, the other independent

GBCD such as grain boundary plane normal distribution must be considered. Sun et al.

[173] also showed that LME susceptibility increases with increasing misorientation angle

to a saturation plateau in 20-50◦ of misorientation angle. Figure 4.5 also revealed that

the grain boundaries with close misorientation angles showed diverse LME susceptibilities

which confirms the role of grain boundary planes. Sun et al. [173] employed laboratory

diffraction contrast tomography (LabDCT) in conjunction with attenuation contrast to-

mography (ACT) methods to obtain grain boundary planes in the Al-Ga LME couple,

but their study is mainly limited to a few selected grain boundary planes. Therefore, to

fully elucidate the role of grain boundary energy in LME, misorientation angle is not suf-

ficient and all five independent parameters of grain boundary crystallography should be

characterized. This requires analysis of plane orientations (or inclination) of liquid metal

embrittled grain boundaries. The present work introduces a quick grain boundary-plane-

normal analysis method for LME crack-path.

A representative micrograph of the main and side-branch of an LME-crack is shown in

Figure 4.9. The Zn-induced LME-crack initiated from the surface of the material, which

was in intimate contact with the surface Zn-layer. Then, the main LME-crack propa-

gated through the thickness of the material (∼0.9 mm). As shown, the penetration path

follows random grain boundaries and the overall direction follows the closest path that
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is perpendicular to the applied external loading direction. Although, the present study

presented new insights into the key role of grain boundary misorientation angle, it has

been observed that various grain boundaries with similar misorientation angles require a

wide range of stress-components to exhibit LME sensitivity. This indicates that the grain

boundary misorientation angle cannot fully represent grain boundary energy, and hence,

the other independent GBCD such as grain boundary plane orientation must be considered.

Hence, the trace analysis approach [163,170] has been used to determine the frequency of

plane normal of the LME-cracked grain boundaries as compared to overall grain bound-

ary plane distribution in the initial microstructure. Accordingly, the stereogram of two

adjacent grains were collected. It must be noted that the trace analysis approach made

it possible to analyze the grain boundary plane distribution even after complete cracking

due to liquid metal penetration. In contrast to the LabDCT-ACT method suggested by

Sun et al. [173], the trace analysis approach analyzes a considerable population of grain

boundaries through a very close estimation based on conventional EBSD characterization,

and therefore provides a reliable statistical distribution of the grain boundary planes.

An example of the local orientation relationship of a representative LME-cracked grain

boundary is shown in Figure 4.10. According to Figure 4.10a, stereographic projections

of low- and high-index planes from grain-1 and 2 were collected. The corresponding grain

boundary plane normal (PN) was determined from the EBSD-inverse pole figure map. The

same PN direction was used to determine the coincidence grain boundary plane which both

grains had in common (overlapped along the PN on the pole figures). It must be noted

that (111), (200), (220), (311) and (420), (511), (531), (533) are considered as low- and

high-index planes, respectively.

The trace analysis of ∼90 grain boundaries in the initial austenitic microstructure

showed that ∼23% of grain boundary plane normals are oriented to (111) (Figure 4.11).
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Figure 4.9: EBSD inverse-pole-figure and corresponding Zn-map of a representative LME
main crack and a side-branch showing the Zn-penetration along FCC grain boundaries
which is initiated from the surface Zn-layer (Note: the external tensile load is applied
horizontally).

This is consistent with the previous analysis of the grain boundaries, which showed the

presence of∼20% Σ3 (60◦-(111)) CSL boundaries. The other grain boundary planes showed

a relatively equal frequency in the initial austenitic microstructure. Interestingly, it has

been observed that the LME crack only propagated along high-index grain boundaries,

where (531), (511), and (733) plane normals showed the highest frequencies (Figure 4.11).

Hugo et al. [84] suggested that only the grain boundaries with energy over 0.6 J/m2

are LME susceptible. This explains the high frequency of liquid metal penetrated grain

boundaries with plane normal of (531) and agrees with the recent studies [173,174] showing

the occurrence of LME mainly in random grain boundaries with 30-50◦ of misorientation

angle. The resistance of low-index grain boundary plane normal can be attributed to their

relatively low excess volume and energy, where the atomistic modeling of the Al-Ga couple
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Figure 4.10: The representative (a) EBSD IPF map of a cracked-grain boundary after
liquid metal penetration and the plane normal (PN) direction, and (b) the representative
trace analysis method by collecting pole figures of low- and high-index crystallography
planes from the corresponding regions close to the cracked-grain boundary where the indi-
cated square shows detection of the matching (531) grain boundary plane along the grain
boundary PN (Note: the provided table shows the grain crystallography planes and the
assigned symbols).

[84] has confirmed that tightly packed random grain boundaries with low excess volume

(<0.4 Å) show negligible LME susceptibility. The LME resistance of Σ3-CSL boundaries

(oriented to (111) plane [175,176]) was reported previously. However, the grain boundary

role in LME may not be completely described through geometrical characteristics and

micro-chemistry of grain boundary should be studied.
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Figure 4.11: (a) The overall distribution of the present low- and high-index grain bound-
aries in the initial microstructure of the material, and (b) the distribution of the liquid-
metal penetrated grain boundary planes showing that only high-index plane grain bound-
aries are susceptible to LME and the (531) is the most frequently penetrated grain bound-
ary plane.

4.5 Summary

The present chapter investigated the role of grain boundary characteristics in LME of

iron(FCC)-Zn couple. The main findings of this chapter are summarized below:

(a) Liquid metal penetration occurs along random grain boundaries (θ > 15◦) and the

propagation path is governed by grain boundary misorientation angle (grain boundary

energy) and applied tensile stress couple. At higher misorientation angles (higher energy),

lower stress component triggers liquid metal penetration.

(b) Low-Σ coincidence site lattice boundaries (Σ3-9) resist Zn-penetration even at the

maximum applied stress component. The resistance of low-Σ coincidence site lattice bound-

aries against liquid metal penetration provides new insights toward using grain boundary

engineering techniques to manipulate random and CSL grain boundary distribution, and
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hence suppress the embrittlement.

(c) Atomic-resolution elemental analysis of the liquid metal penetrated grain boundary

shows that grain boundary brittle opening precedes Zn-flow. This evidence together with

the minor role of dislocations at the penetration tip supports the brittle-fracture mechanism

of LME and stands against the ductile-fracture models of LME.

(d) To describe the LME dependency on the grain boundary characteristics, grain

boundary misorientation angle is not sufficient and five independent crystallographic pa-

rameters of the grain boundaries must be considered. The present study employed the

recently developed trace analysis to investigate the grain boundary character effect in

LME of iron(FCC)-Zn couple. It was found that the crystallography of the random grain

boundaries is reflected in grain boundary plane orientation significantly governs the LME

path.

(e) Despite the presence of low- and high-index grain boundary planes in the microstruc-

ture, liquid metal penetrates along the grain boundary with high-index planes. Although

grain boundaries with plane normal oriented to (531) was only 18% of the overall grain

boundaries, they had the highest LME susceptibility (∼45% of the LME exhibited grain

boundaries). This is attributed to their relatively high excess volume and high energy due

to the low packing factor.
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Chapter 5

Investigation of Grain Boundaries

Role in LME: Micro-Chemistry1

5.1 Overview

Thus far, LME studies have been limited to micro- and meso-scale grain boundary inves-

tigations; however, to fully understand the LME phenomenon, atomic-scale investigation

of LME crack-path is required. The present chapter of this study validates the recently

proposed hypothesis of embrittler-induced alteration of electronic configuration at grain

boundary as a viable atomic-scale LME mechanism. Moreover, the detailed analysis of

LME crack-path and molecular dynamics (MD) simulation provide insight to the interre-

lation between the geometrical configuration and grain boundary chemistry. The present

results explain the underlying mechanism of high LME-sensitivity of high-misorientation-

angle random (not-ordered) compared to special (ordered) grain boundaries.

1This chapter consists of a submitted manuscript in Acta Materialia, MH Razmpoosh, B Langelier, E.
Marzbanrad, H.S. Zurob, E Biro, Y Zhou, 2020.
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5.2 Background

Most common structural materials are polycrystalline, where grain boundaries play key

roles in bulk properties. Although grain boundaries are effective sources of plasticity and

strengthening (e.g. in creep, superplasticity, Hall-Petch effect), they can act as preferential

sites for intergranular degradations such as LME. Among the various contradicting pro-

posed mechanisms for LME, recent studies have shown that stress-assisted grain boundary

embrittler diffusion model best describes LME [96,107]. In this model, the diffusion of em-

brittler atoms along sensitive grain boundaries (ahead of crack) leads to crack nucleation,

grain boundary opening (mass transfer of liquid embrittler to the crack-tip by liquid metal

flow), and rapid progression of LME crack.

Considering the stress-assisted grain boundary diffusion model [96,107], it is vital to

understand types and geometric configuration of LME-sensitive grain boundaries. A meso-

scopic description of 3-dimentional grain boundary requires five independent parameters:

misorientation angle (3 parameters), and the inclination of the grain boundary plane (2

parameters) [162–164]. In previous chapter it was revealed that different grain boundary

types do not have similar LME-sensitivity; High-angle random (non-ordered) grain bound-

aries are more LME-sensitive than highly-coherent low-Σ boundaries (ordered). LME

crack-path is a function of grain boundary misorientation angle (representative of grain

boundary energy) and applied tensile stress, where at higher high misorientation angles,

lower tensile stresses trigger the grain boundary decohesion. LME-sensitivity of random

boundaries reaches its maximum at misorientation angles of ∼40-55◦, which agrees with

the atomistic modeling of LME in the Al-Ga couple [84]. Although misorientation angle

provides a primary insight to understand why liquid metal penetrates non-uniformly into

the grain boundary network, complementary analysis of the GBCD and LME-sensitivity
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was also required.

The next logical step toward understanding the grain boundary role in LME is the

influence of grain boundary chemistry (i.e. segregation of the alloying elements) on its

characteristics, and therefore, its LME-sensitivity. Grain boundaries are considered as

heterogeneity source, where solute concentration at grain boundaries can be up to several

orders of magnitude more than the grain interior [177,178]. At the atomic scale, grain

boundary chemistry affects its electronic configuration [179], mobility [180,181], cohesion

[182], and local stabilized phases (complexions) [183,184]. The grain boundary chemistry

contribution in its LME-sensitivity can be explained from various standpoints: modifica-

tion of (a) grain boundary energy due to equilibrium segregation, (b) cohesive strength

of grain boundary, and (c) atomic site arrangements at grain boundaries. In terms of

grain boundary cohesive strength, three different scenarios are possible: grain boundary

strengthening (enhancing grain boundary cohesion), weakening (adverse influence on grain

boundary cohesion), and bond-strength over a certain value which results in phase trans-

formation at grain boundaries [185]. The vacancy arrangement changes can lead to higher

diffusion rate for the embrittler atoms ahead of LME-crack as it affects excess volume of

grain boundaries (according to the stress-assisted grain boundary diffusion model [96,107]).

This agrees with the observation by Hugo et al. [84], who showed that grain boundary

excess volumes (per unit area of grain boundary) greater than 0.5Å result in higher LME-

susceptibility.

Therefore, the scope of the present chapter falls within two major unexplored realms

of LME. First, it strives to trace the atomistic events at grain boundaries leading to LME-

cracking, and validates the recently proposed hypothesis of embrittler-induced alteration

of electronic configuration at grain boundary as a viable LME mechanism. Secondly, this

study provides knowledge of grain boundary chemistry role in LME, which is still far
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from complete. So far, it has been indicated that different chemical compositions show

different LME susceptibility [186]; For instance, it has been shown that Si-content can

effectively change LME susceptibility of steel. However, without any robust and thorough

understanding of the alloying element influence on grain boundaries characteristics, and the

interrelation between the geometrical configuration, rationalizing the observed behaviors

will be challenging. This calls for an in-depth LME crack-path study from macroscopic,

microscopic, and atomic viewpoints. The provided analysis of crack-path paves the road

to eliminate, or considerably mitigate LME. More specific, grain-boundary-segregation

engineering (as a sub-branch of grain-boundary-engineering approach) can be employed as

a microstructure design approach for future LME-resistant materials.

5.3 Experimental Procedure

5.3.1 Experiments

The EBSD observations were used to prepare site-specific-lift-out atom probe tomography

(APT) samples. After marking the regions of interest, site-specific APT tips were created

using a Zeiss NVision 40 SEM/ FIB and Helios G4 dual-beam plasma-FIB (PFIB) instru-

ments. The APT tips were sharpened by annular ion milling and polishing to the final

needle geometry (diameter of ∼250 nm). The APT experiments were carried out on the

prepared needle-shaped tips by LEAPTM 4000X HR (Cameca Instruments Inc.). During

the APT experiments, the specimen temperature kept at 60K. The collected APT data was

analyzed to re-construct the 3D-maps of atomic distributions by the IVAS 3.8 software.

Similar APT lift-outs were used for the HRTEM sample preparations, where the unsharp-

ened tips were thinned to 50 nm by FIB. The HRTEM observations were carried out using
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an FEI Titan 80-300 HB double aberration-corrected to achieve atomic-resolution imaging

at an operating voltage of 200 keV.

5.3.2 Molecular Dynamics Simulation

The MD simulation was performed using a C++ program developed by the authors and

visual representation of the results of the simulation was produced using Visual Molecular

Dynamics open source software [187] . The embedded atom potential method (EAM)

was used for this simulation [188]. In this method, the total energy is defined as follows

(Eq.5.1):

Etotal =
∑
i

F (ρi) +
1

2

∑
i,j,i6=j

∅i,j(rij) (5.1)

where ∅ij is the pair potential between two atoms of i and j, and is a function of their

distance rij. F (ρi) the energy required to embed atom i into the electronic gas produced

by all neighbor atoms, calculated as follows (Eq.5.2):

ρi =
∑
i 6=j

f(ij) (5.2)

where f(ij) is the electron density contributed by atom j. The interatomic potential

parameters of Fe, Cr, and Fe-Cr for EAM have been previously reported [189]. The cut-off

radius was set to 15 Å, and the time step used in this research was one femtosecond. The

simulations were carried out in a canonical (NVT) ensemble, the temperature was kept

constant during the simulation according to the Nose-Hoover thermostat [190,191], and

the equations of motion were solved numerically using the Verlet algorithm.
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The simulated domain was a square containing 50,000 atoms, however, for visualization

purposes only small sections of those are shown in the present chapter. The boundary

condition of the model was considered periodic boundary condition at the right and left

side of the simulation domain. The atoms arranged in ten grains at the beginning. The

temperature set at ∼820◦C and the model ran for 20,000 time steps to stabilize the model.

Then, two Fe-atoms replaced by Cr-atoms and the model ran for 5,000 time steps. At this

stage, a stress equal to 200 MPa applied to the top and bottom boundary of the simulation

domain and model run for 100,000 time steps.

5.4 Results and Discussion

A representative micrograph of an intergranular LME-crack is shown in Figure 5.1. The

general penetration path was perpendicular to the applied external load direction; how-

ever, it followed a specific path through the grain boundary network (GBN). The investi-

gations in the previous chapter revealed that random (non-ordered) grain boundaries with

misorientation angle of 30-50◦ and high-index grain boundary planes are the major LME-

susceptible grain boundaries [192]. However, the grain boundary energy state (hence, its

LME susceptibility) cannot be described only through geometrical and spatial parameters

[173]. The present study first investigates the atomistic events at grain boundaries leading

to an LME-crack. With the provided insights, atomic-scale grain boundary chemistry and

its inter-connection with grain boundary geometrical configuration is discussed.
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Figure 5.1: (a) EBSD-IPF and the corresponding Zn-maps showing a representative liquid-
metal-embrittlement crack and penetration of liquid-Zn from the coating under the external
tensile loading; The general crack propagated perpendicular to the external loading direc-
tion, and (b) a side-branch of the LME-crack revealing liquid metal penetration along the
GBN (Note: the external tensile load is applied horizontally).

5.4.1 APT Analysis of Liquid-Metal-Embrittled Grain Boundary

To analyze the Zn-penetrated grain boundary, the APT needle lift-out (using FIB) was done

near the penetrated grain boundary tip (Figure 5.2a). The 3-dimentional reconstruction

of the APT analysis is presented in Figure 5.2b, where an ∼40 nm-thick Zn film within

the grain boundary has been investigated. The elemental characterization of the Zn film

showed the preferential solubility of Ni, Cu, from the matrix into the penetrated liquid-Zn

(Figure 5.2c); however, Cr did not dissolve into the Zn film. The 3-dimentional elemental

distribution showed that the ∼40 nm-thick Zn film mainly located on one side of the

original grain boundary (Figure 5.2c). The detailed composition profiles (measured along

the cylinder region of interest) were used to identify the original Zn-diffused grain boundary

based on the presence of a region containing 5 at.% of Zn and Cr-segregation (highlighted
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in orange, Figure 5.2d) on one side of the Zn-penetration film. A closer inspection of the

grain boundary and the liquid-Zn film interface reveals the presence of a ∼5 nm transient

region. The distribution of Zn, Ni, and Fe confirms the typical diffusion-driven distribution

of the elements. This observation confirms the inter-diffusion of Fe, Zn, Ni between the

solid matrix and the liquid-Zn film after fracture of the grain boundary and reveals the

sequence of micro-events leading to the LME-crack i.e. fracture path on one side of the

grain boundary and the subsequent flow of the fresh liquid Zn and inter-diffusion of Zn,

Ni, and Fe.

The presence of the fracture path (due to Zn doping into grain boundary ahead of crack)

only on one side of the original grain boundary provides insights to the atomic micro-events

leading to an intergranular LME penetration-path. First, the stress-assisted diffusion of the

Zn-atoms ahead of the crack affects the adjacent Fe-Fe atomic bonds. Under the applied

tensile stress, the weakened Fe-Fe bonds on one side of the boundary fracture, leading to

liquid metal flow into the fracture path. The rapid flow of fresh liquid Zn supplies the

rapid propagating crack-tip (mass-transfer of Zn) and explains the discrepancy between

the grain boundary diffusion rate and LME-crack propagation rate.
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Figure 5.2: (a) The atom probe tomography (APT) needle location from the Zn-penetrated
random grain boundary tip with the thickness ∼160 nm, (b) corresponding 3-dimentional
reconstruction of the APT analysis of needle (Fe and Zn) containing the Zn-penetrated
grain boundary showing the region of interest and direction of analysis, (c) the APT
elemental maps of Cr, Ni, Cu, (d) chemical profile obtained from the cylinder region of
interest showing the original Zn-diffused grain boundary (highlighted in orange) and the
liquid Zn-flow area after fracture of the grain boundary (highlighted in pink), and (e)
enlarged view of the interface region between the original Zn-diffused grain boundary and
liquid-Zn flow area (highlighted in gray) showing inter-diffusion between of Fe and Zn.
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5.4.2 APT Analysis of Random and CSL Grain Boundaries: So-

lute Effect

To identify the role of inter-relation of grain boundary geometrical characteristics and its

chemistry, two representative grain boundary (not exposed to Zn-embrittler) types, i.e.

not-ordered and ordered CSL boundaries were investigated. These grain boundaries were

chosen in a way that: 1-their location was in a close vicinity of a LME-crack, therefore, the

grain boundary experienced similar thermal cycles with the Zn-penetrated grain bound-

aries, 2-aligned to near perpendicular to the applied stress direction (the external tensile

load is applied horizontally) to have similar tensile stress component applied on the grain

boundary plane. Figure 5.3a and b show the selected location of the not-ordered grain

boundary with a distance of ∼100 µm from the LME crack. The detailed high-resolution

TEM analysis of the selected grain boundary is shown in Figure 5.3c and d. The HRTEM

analysis confirmed the misorientation angle of about 44◦ and the absence of any observable

ordered structure at the grain boundary.

The random grain boundary and the corresponding region of interest is highlighted in

the reconstructed atomic map (Figure 5.4a). The APT analysis revealed that Cr as the

major solute elements and some of the minor solute elements: B, C, Mo, and Si segregated

to the random grain boundary (Figure 5.4b). Although Cr showed a severe segregation

along the random boundary, Ni did not show any observable segregation. The analysis

showed severe Cr-enrichment of about 12 at.% at the grain boundary (measured within

the cylinder region of interest). Minor segregation of C, Si, B, P, Mo, V was observed,

however, Cu, Mn, and Co showed no trace of segregation along the random grain boundary.

MD simulation of a representative system consisted of random grain boundaries of an FCC-

Fe microstructure, and Cr-atoms heated to T∼800◦C (the approximate temperature during
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the processing) is shown in Figure 5.5.

As shown at time step of 15,000 (before applying the external tensile loading), the

Cr-atoms show a random walk behavior due to thermal activation, however, by applying

the external tensile loading (time step of 30,000) Cr-atoms show a rapid diffusion toward

the random grain boundary (Figure 5.5b). The Cr-atoms show entrapment at the random

grain boundary aligned perpendicular to the loading direction (the representative time step

of 150,000, Figure 5.5c). The detailed diffusion path of Cr-atom-1 and 2 toward the grain

boundary and the entrapment at the grain boundary is presented in Figure 5.5d and e.

With the similar selection criteria for the random grain boundary, a CSL boundary was

located a distance of ∼25 µm from an LME-crack and aligned nearly perpendicular to the

applied stress. To identify the CSL boundary, EBSD IPF-map was used to characterize the

boundary misorientation angle of 60◦ (Figure 5.6a and b). However, the energy of a CSL

boundary directly depends on its crystallographic plane. The trace analysis method was

used to characterize the crystallography of the selected ordered boundary [163,170]. The

stereographic projections of (111) plane from grain-1 and 2 were collected (from two spots

close to the boundary) (Figure 5.6c) and the PN direction was determined from the EBSD

IPF-map. The trace analysis method showed that (111) poles coinciding along the PN on

the pole figures, and hence, confirmed that the selected CSL boundary is a coherent Σ3

boundary. Detailed high-resolution TEM analysis of the selected ordered grain boundary

shows high-level of atomic matching at the boundary (Figure 5.6d and e).
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Figure 5.3: (a and b) The selected random grain boundary (not exposed to Zn-embrittler)
to study details of elemental distribution, based on two criteria: 1- to be located in a
close vicinity of a LME-crack (distance ∼100 µm) which confirms that the grain boundary
experienced similar thermal cycles with the LME-crack, 2-to be near perpendicular to
the direction of the applied stress (the external tensile load is applied horizontally) which
confirms the similar tensile stress component applied on the grain boundary; and (c and d)
detailed high-resolution TEM analysis of the selected not-ordered (random) grain boundary
with misorientation angle of about 44◦.
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Figure 5.4: (a) Corresponding 3-dimentional reconstruction of the APT analysis of needle
containing the selected random grain boundary showing the region of interest and direction
of analysis (Fe, Cr, and B are shown to highlight the grain boundary location within the
APT needle, (b) APT elemental maps of B, C, Mo, and Si as minor segregating elements
into the random grain boundary, chemical profile obtained from the cylinder region of
interest showing (c) the severe segregation of Cr along the random grain boundary due to
the applied thermal and tensile stress, (d) minor segregation of C, Si, B, P, Mo, V along
the random grain boundary, and (e) no trace of segregation for Cu, Mn, and Co along the
random grain boundary.
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Figure 5.5: Molecular dynamics (MD) simulation of a representative system consisted of
FCC-Fe microstructure, the corresponding random grain boundaries (GB), and two Cr-
atoms (T∼800◦C) (a) at time step of 15,000 before applying the external tensile loading,
(b) at time step of 30,000 after applying the external tensile loading showing the diffusion
of the Cr-atoms toward the grain boundary, (c) at time step of 150,000 showing that the
Cr-atoms were segregated at the grain boundary which is aligned perpendicular to the
applied external tensile loading direction, (d and e) detailed diffusion path of Cr-atom-
1 and 2, respectively, showing the random-walk behavior of Cr-atoms before applying
tensile loading, however, after applying tensile loading the Cr-atoms rapidly diffused toward
the grain boundary which was aligned perpendicular to the loading direction and were
entrapped at the grain boundary (Note: Pink: Fe atom, Gray: Cr-atom, the external
tensile load is applied vertically).
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Figure 5.6: (a) The selected ordered (CSL) grain boundary (not exposed to Zn-embrittler)
to study details of elemental distribution, based on the same selection criteria of the not-
ordered (random) grain boundary (in a close vicinity of a LME-crack (distance 25m) and
near perpendicular to the direction of the applied stress which confirms the similar thermal
cycles and stress condition experienced by the CSL grain boundary, (b) EBSD IPF map
showing the APT needle location from the selected grain boundary, (c) the trace analysis
method to characterize the details of the selected ordered boundary which shows collecting
pole figures of the crystallographic planes from the regions close to confirm the coinciding
planes of grain 1 and 2: G1 and G2 along the plane normal (PN) direction showing the
ordered grain boundary (misorientation angle of 60◦) is a coherent Σ3 (plane of (111)),
(d and e) high-resolution TEM analysis of the selected ordered grain boundary showing
high-degree of atomic matching at the selected ordered grain boundary.
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Fe atomic density from the APT analysis was used to reveal the CSL boundary in the

APT needle sample (Figure 5.7a).The corresponding elemental distribution of Fe, Cr, and

Ni along the ordered Σ3 boundary showing the region of interest and direction of analysis

(Figure 5.7b and c). The chemical profile obtained from the cylinder region of interest

confirmed no trace of major alloying elements (Cr, Ni) segregation along the ordered Σ3

boundary (Figure 5.7d); however, a slight segregation of C was observed. In contrast to

the not-ordered boundary, the ordered Σ3 did not show any observable segregation of the

minor alloying elements (Si, B, P, Mo, Cu, Mn, V).

The Cr-segregation as the major alloying element, and the co-segregation of the im-

purity elements makes the high-angle random grain boundaries preferential site for (a)

stress-assisted grain boundary short-range diffusion where the Zn-doping induces the em-

brittlement, and (b) the impurity-segregation facilitates the brittle fracture. In fact,

atomic-scale grain boundary chemistry (cohesive strength) connects the GBCD role to

the LME-sensitivity of a grain boundary. This, in-turn, explains why liquid metal pene-

trates non-uniformly into the grain boundary network, and the random (not-ordered) grain

boundaries are much more LME-sensitive compared to ordered boundaries.
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Figure 5.7: 3-dimentional reconstruction of (a) the Fe atomic density of the APT analysis
that facilitates revealing the selected ordered Σ3 boundary location in the APT needle,
(b) corresponding elemental distribution of Fe, Cr, and Ni along the ordered Σ3 boundary
showing the region of interest and direction of analysis, (c) distribution of C shows a
slight segregation of C at the representative ordered Σ3 boundary, (d) chemical profile
obtained from the cylinder region of interest confirming no trace of major alloying elements
segregation along the (Cr, Ni), and (e) in contrast to the not-ordered grain boundary, the
ordered CSL boundary did not show segregation of the minor alloying elements (Si, B, P,
Mo, Cu, Mn, V), however, a slight segregation of C was observed.
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5.5 Summary

This chapter provided new insights to the micro-events leading to intergranular liquid-

metal-embrittlement crack-path. The main conclusions of this chapter are summarized

below:

(a) The APT analysis presented the first-time experimental support for the recently

proposed embrittler-induced alteration of grain boundary electronic configuration model.

The results described how the stress-assisted diffusion of the embrittler atoms ahead of

progressing LME-crack leads to grain boundary decohesion. The liquid metal flow into the

fracture path explained the required micro-mechanism for mass-transfers of fresh liquid

embrittler to the further grain boundary, which feeds the rapid propagating crack-tip.

(b) The APT analysis and the MD simulation showed that the thermal cycles and

the applied external tensile loading induce a severe Cr-segregation and co-segregation of

the impurity elements to high-angle random grain boundaries. This revealed the inter-

relation between grain boundary geometrical characteristics and its chemistry, where the

grain boundary segregation increased LME-sensitivity. The influence of grain boundary

segregation on LME-sensitivity was interpreted from two standpoints. First, the severe

segregation facilitates short-range diffusion of the embrittler atoms ahead of a crack-tip

due to modified configuration of grain boundary vacant sites. Secondly, the influence on

the cohesive strength of grain boundary due to the charge distribution modification at grain

boundaries in accordance with the recently proposed electronic structure modification LME

mechanism.
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Chapter 6

Grain Boundary Engineering:

LME-crack Suppression1

6.1 Overview

Grain boundary engineering (GBE) has lately been recognized as a viable approach to ma-

nipulate grain boundary characteristics to improve resistance against intergranular degra-

dation. As discussed in Chapter four, the CSL boundaries has been shown to be resistant

against the embrittlement. The present chapter investigates the feasibility of using a GBE

technique to arrest LME in the Fe-Zn couple. Two sets of low-strain-heat-treatment pro-

cessing routes were used to optimize grain boundary characteristics based on: (a) Σ3 and

Σ3n boundaries frequency, and (b) the overall material’s texture and grain size evolution.

The optimum characteristics resulted in significantly improved resistance against LME. The

1This chapter consists of the published manuscript in Materialia,
https://www.sciencedirect.com/science/article/pii/S2589152920300855, MH Razmpoosh, A Macwan, F
Goodwin, E Biro, Y Zhou, 2020.
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mechanism of the embrittlement arrest is discussed based on the random-GBN continuity

and the grain boundary triple junction distribution due to the numerous CSL boundaries

in the microstructure.

6.2 Background

Recently, the GBE concept has been introduced as a viable method to mitigate the un-

desirable aspect of grain boundaries [193–197]. The various GBE techniques attempt to

eliminate the “weak” high-energy grain boundaries and instead induce the “stable” low-

energy grain boundaries [198,199]. Generally, the stable grain boundaries refer to low-Σ (Σ

<29) CSL boundaries which contrast to the high-misorientation angle random grain bound-

aries or higher-Σ (Σ >29) CSL counterparts [198,200,201] (Σ is the density of common sites

between grains sharing a boundary). Despite a wide range of proposed thermo-mechanical

treatments [202–206], the twin-induced GBE method, which induces a high frequency of

low-Σ CSL boundaries is considered the most common GBE approach. This method can

be further sub-divided into strain-recrystallization and strain-annealing based approaches

[194,196,207–209].

A material’s ability to generate numerous CSL boundaries is the main pre-condition

of twin-induced GBE, which has been reported in low stacking fault energy (SFE) FCC

materials [204] such as nickel-alloys [208,210,211], copper-alloys [209,212], and austenitic

steels [194–197,202,205]. GBE mainly relies on the Σ3 regeneration micro-mechanism. As

a result of thermo-mechanical treatment, generation of low-Σ boundaries during the migra-

tion of random boundaries and emission of Σ boundaries from the existing random grain

boundaries take place. In this framework, the Σ-boundary regeneration process occur ac-

cording to (Σ3n + Σ3n+1−→Σ3) [198,202,207], where, two Σ3 boundaries junction generates
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a Σ9. When a Σ9 runs into a Σ3 boundary, it would regenerate a new Σ3 in the struc-

ture. This example of the Σ-boundary regeneration process explains the efficient process

of special grain boundary frequency increase in a microstructure due to thermo-mechanical

treatment and fragmentation of random GBN. In other words, boundary-boundary inter-

actions leading to generation of special boundaries in the GBN, creating a discontinuous

network of random grain boundaries [198,202,207].

Recent studies have demonstrated examples of successful application of GBE in sup-

pression of grain boundaries-based deterioration phenomena. The study by Shimada et

al. [197] has shown that a slight pre-strain and annealing resulted in improved intergran-

ular corrosion of austenitic stainless steel. Kokawa et al. [194] has confirmed that a high

frequency of uniform CSL produced by the twin-induced GBE process significantly sup-

pressed intergranular corrosion of type 304 austenitic steel. The optimization of the GBCD

generated 82% of CSL boundaries which efficiently disrupted the connection of the random

GBN, and hence, arrested grain boundary decay [194]. Bi et al. [199] showed chromium

depletion was controlled through the promotion of low-energy special boundaries over the

random (high-energy) grain boundaries. Increasing twin-based special boundaries also re-

duced the intergranular HAZ-liquation-cracking in a nickel-based superalloy [213]. This

literature survey shows that GBE improves material performance: (a) directly through the

generation of a significant frequency of low-energy grain boundaries (2-3 times more than

random boundaries), and (b) indirectly by the special-random grain boundary interactions

which creates structural barriers against the degradation of the continuous random GBN.

Atomistic modeling of the Al-Ga couple [85] has shown that the LME-crack progression

directly depends on grain boundary energy. LME susceptibility significantly increases

with grain boundary energies > 0.65 J/m2 [85]. The previous chapter showed that only

high-energy random grain boundaries are embrittled in the Fe-Zn system, where local
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LME progression is governed by the grain boundary misorientation angle (grain boundary

energy)-applied tensile stress couple. In contrast, low-energy special grain boundaries

at θ=60◦ (Σ3) and at ∼39◦ (Σ5-9) completely resisted the liquid penetration and further

cracking. The atomic resolution TEM showed that the random and special boundary triple

junction effectively arrest LME due to changes the random grain boundary misorientation

angle in the twinned area of the grain. The recent observation suggested that by inducing

desirable types of triple junctions, such as all special (SSS), special-special-random (SSR),

and certain special-random-random (SRR), LME-cracking in the sensitive austenitic (FCC)

structure can be mitigated. The present work investigates the feasibility of LME-cracking

suppression through materials variables. This includes reducing the material’s inherent

weak points by inducing a considerable fraction of CSL boundaries into the microstructure,

and an efficient increase in entropy of the random GBN.

6.3 Experimental procedure

In this chapter, a commercial 304-type austenitic stainless steel with a nominal thickness

of 0.9 mm was used. The as-received samples were solution heat-treated at 1050◦C for 0.5

hr under Ar-atmosphere and quenched. The thermo-mechanical treatment to manipulate

the GBN started by applying a 5% pre-strain to the material using an Instron universal

tensile tester. It has been shown that the combination of low pre-strain values at 5% and

subsequent heat-treatment results in the maximum generation of CSL boundaries [197].

The pre-strained specimens were then heat-treated under Ar-atmosphere at various times

at 900◦C and 1000◦C, followed by water-quenching. The annealing temperatures were cho-

sen to avoid considerable grain growth. Any undesired surface oxide layer was removed

by a conventional acid-cleaning step. As the acid-cleaning step may cause hydrogen to
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be absorbed into the specimens, a low-temperature baking at 190◦C for 1 hr was used to

diffuse out any hydrogen from the steel structure. The standard metallographic sample

preparation procedures were similar to those used in the previous chapters. The grain

boundary characteristics and their frequency were investigated by the similar EBSD sys-

tem attached to a JEOL JSM 7000f field-emission gun SEM (step size 0.05-0.25 µm and

accelerating voltage of 20 kV) as discussed in previous chapters. Oxford Instruments Aztec

software was used for the EBSD mapping followed by post-processing of the collected maps

in the HKL Channel-5 package. The EBSD images were then analyzed in image process-

ing software (ImageJ) to construct distributions of various grain boundary types and the

associated triple junctions in each condition.

The LME behavior of the initial and the optimum grain-boundary-engineered samples

exposed to the heat source of laser processing under the applied tensile stress were inves-

tigated. A Zn surface layer (thickness ∼12 µm) was kept in contact with the samples to

induce LME. The details of the specimen geometry and the externally loaded laser pro-

cessing are presented in previous sections. For each optimum GBE condition, 4 specimens

were cross-sectioned to measure the LME-crack length and distribution. EDS in SEM and

EELS elemental mapping in TEM were used to study the Zn-penetration along the grain

boundaries. EELS mapping at the crack tip was performed by a FEI Titan 80-300 HB

double aberration-corrected HRTEM on a slice of the material prepared by FIB technique.
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6.4 Results and discussion

6.4.1 Special Grain Boundary Frequency

The initial microstructure of the austenitic (FCC) steel contained∼77% high-angle (θ >15◦)

random grain boundaries and 23% of special boundaries as shown in Figure 6.1. Most of

the special boundaries were Σ3 (22%) whereas only a minor fraction of higher order Σ-

boundaries such as Σ5, Σ7, and Σ9 (total ∼2%) was observed. The previous studies

[194,197] showed that a thermo-mechanical GBE treatment of 5% tensile deformation fol-

lowed by annealing at 900◦C and 1000◦C can effectively modify the initial GBN. It has also

been shown that neither the repetition of the strain-annealing treatment nor the application

of higher strain levels (>5-6%) further improve the special grain boundaries re-generation

process and the resultant CSL frequency [194,197,201,202]. Relatively low strain levels

(5%) are insufficient to provoke recrystallization at the moderate annealing temperatures

[201]. The EBSD grain boundary maps of the microstructure after the various applied

GBE treatments at 900◦C and 1000◦C are given in Figure 6.2 and Figure 6.3, respectively

(Note: the random and special grain boundaries are indicated by black and gray lines,

respectively). As seen in the initial structure, the random GBN (black lines) is entirely

connected with each other. Whereas, the applied GBE treatment induces a considerable

fraction of the special boundaries (gray lines) into the structure. As a result, the initial

continuous network of random grain boundaries has been progressively fragmented.

The statistical breakdown of the random and special grain boundary distributions after

the various GBE treatments are presented in Figure 6.4. This shows that the GBE treat-

ment successfully increased the fraction of special boundaries in relation to the undesirable

random grain boundaries, and agrees with the previous GBE studies of austentic steel
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Figure 6.1: EBSD inverse-pole-figure map of the as-received austenitic steel showing the
representative general grain microstructure with an average grain size of 28 m and 77% of
high-angle (θ >15◦) random and 23% of special grain boundaries (21% of Σ3 and 2% of
Σ5, Σ7, and Σ9).

[193,202,205]. Special grain boundaries and specifically, Σ3 boundary fraction drastically

increased due to the Σ-boundary regeneration mechanism [198,202,207]. At both processing

temperatures, the slight applied strain did not trigger any recrystallization. Small random-

grain boundary migration takes place during short annealing times at 1000◦C (<10min)

(Stage-1 of the grain boundary evolution in austenitic structures [201]). However, higher

annealing times at 1000◦C induce severe random- grain boundary migration (Figure 6.3e

and f), which is known as Stage-2 of the grain boundary evolution [201]. Due to the low

applied strain, at 900◦C no random grain boundary migration was observed up to 1000 min.

Through the regeneration mechanism, the higher-order Σ-boundaries produced numerous

Σ3 boundaries and changed the random GBN.

Micro-texture analyses were performed on the representative GBE-treated conditions

as another GBE optimization criterion (Figure 6.5). Although, the overall materials tex-

ture after GBE evolves due to the introduction of a considerable fraction of special grain
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Figure 6.2: EBSD grain boundary character distribution of the representative (a) as-
received, and grain boundary engineered material at 900◦C (b) 30 min, (c) 60 min, (d)
120 min, (e) 180 min, (f) 1000 min showing increasing total fraction of special boundaries
(gray lines) and the progressive fragmentation of the initial random GBN (black lines). The
average grain size of the structure is not affected by the various grain boundary engineering
treatments.

boundaries in the microstructure, despite the strength of the component, the new texture

component at 900◦C remains almost unchanged up to 1000 min of treatment. However,

over 10 min annealing at 1000◦C shifts the material’s texture to the initial component.

This can be attributed to the severe random-grain boundary migration at higher times of

treatment at 1000◦C. Based on the special grain boundary distribution (Figure 6.4) and the

similar texture component, the optimum GBE treatments are selected as 900◦C-180min

(GBE-1) and 1000◦C-10min (GBE-2).
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Figure 6.3: EBSD grain boundary character distribution of the representative (a) as-
received, and grain boundary engineered material at 1000◦C (b) 3 min, (c) 6 min, (d)
10 min, (e) 30 min, (f) 60 min showing increasing total fraction of special boundaries (gray
lines) which breaks the initial random GBN (black lines), however, the average grain size
of the structure is drastically increased after 10min.

6.4.2 LME Suppression and Triple Junction Distribution

As the vast majority of grain boundary junctions in a material are triple junctions, liquid

metal penetration along a GBN depends on the triple junction characteristics. By inducing

a high frequency of special boundaries into a GBN, four different type of triple junctions

can be considered: all random grain boundaries (RRR), a triple junction with one special

boundary (RRS), triple junctions with at least two special boundaries, (RSS), and triple

junctions with only special boundaries (SSS). The previous results showed that liquid-Zn

only propagates along the random GBN. This means if the stress and misorientation angle

couple (as pre-requisite of LME) is sufficient, the liquid metal can pass the RRR type
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Figure 6.4: Overview of the distribution of random and special grain boundaries in the
various grain boundary engineering processed conditions at (a) 900◦C, and (b) 1000◦C
compared to the as-received condition. The optimum GBE conditions of GBE-1 (900◦C-
180min) and GBE-2 (1000◦C-10min) were selected based on the random grain boundary
disruption and grain-size and texture evolution criteria.

triple junction. However, the atomistic resolution of RRS triple junction showed that the

twinned area of the grain changes the random grain boundary misorientation angle and

hence, effectively arrests LME. The recent observations in Fe-Zn couple indicated that

special boundaries, and in particular Σ3s, resist liquid penetration at any given stress

component, due to their low grain boundary energy. Hence, inducing the desirable SSS,

and SSR, and certain SRR type triple junctions can suppress LME progression. On this

basis, the SSS, and SSR types can be considered as the desirable triple junctions in the

overall GBN.

LME susceptibility of the initial microstructure and the optimum GBE-1 and the GBE-

2 conditions is represented in Figure 6.6. The average number of LME-cracks (per sample)

and the corresponding total LME-crack length (normalized to the total crack-length of

the as-received condition) shows that LME was suppressed through modification of the
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Figure 6.5: Micro-texture analysis of the (a) as-received, and the representative grain
boundary engineered material at (b) 900◦C-30min, (c) 900◦C-180min (GBE-1), (d) 900◦C-
1000min, and (e) 1000◦C-6min, (f) 1000◦C-10min (GBE-2), (g) 1000◦C-60min, showing
the minor evolution of texture at 900◦C GBE conditions, however, at 1000◦C the overall
texture changes drastically after 10min.

initial GBCD. This is attributed to the introduction of (a) high frequency of special Σ-

boundaries with high resistivity against LME, (b) RRS, RSS, and SSS type triple junctions

that block liquid metal penetration (Figure 6.7a and b), and (c) the loss of the random

GBN connectivity.

The corresponding high-resolution EELS map of Zn clearly shows that the RRS junction

blocks the Zn penetration pathway (arrest point). The continuation of the random grain

boundary did not show liquid metal penetration due to the twin-induced grain orientation.

This correlates to the observed triple junction distribution in the initial and the optimum

GBE-1 and GBE-2 conditions (Figure 6.8). The proposed grain boundary triple junction
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role is also consistent with the RRS and RSS-SSS distributions in the engineered conditions,

where longer LME-cracks were observed in the GBE-2. As seen, the LME-resistant triple

junctions increase drastically in the engineered samples, leaving only ∼20% of undesired

RRR-type triple junctions. The present results agree with the analytical probability study

of the distribution of triple junctions in 2-dimentional GBN after introducing CSL [203].

It has been confirmed by Kumar et al. [203] that the RRR-type triple junctions decrease

substantially by promotion of special boundaries. The lower frequency of SSS-type triple

junctions is consistent with the GBE treatment of Cu (FCC), where processing at lower

temperature results in∼7% higher distribution of SSS-type triple junctions [203]. Although

the initial material contained ∼14% of resistive triple junctions, the high fraction of RRR-

type triple junctions allows bypass LME-path along the adjacent grain boundaries which

has been shown in the previous chapters. This verifies the effect of special-boundary-

included triple junctions in arresting LME.

The other factor affecting the LME progression path in the materials GBN is the

disruption of the continuous network of random grain boundaries (Figure 6.7b). The ideal

case is complete transformation of random grain boundary into a low-energy Σ-boundaries,

however, the partial transformation of random grain boundary pathway also is beneficial

to LME suppression due to the interruption of random grain boundary connectivity. As

shown, the initial random grain boundary with the misorientation angle of 22◦ transforms

into a Σ29-b type special boundary due to the emission of Σ3s from the random grain

boundary. This effectively interrupts the continuous network of random grain boundaries

as the transformed part of the initial random grain boundary is energetically unfavorable

for continuation of Zn-penetration.
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Figure 6.6: The average number of cracks per sample and the corresponding total LME-
crack length (normalized to the as-received condition) in the as-received, and the optimum
GBE-1 and GBE-2 conditions showing the suppression of LME-cracks by increasing fre-
quency of special boundaries and RSS and SSS type triple junctions and disrupted random
GBN.

6.5 Summary

This chapter investigated the feasibility of the twin-based grain-boundary-engineering ap-

proach to suppress LME in an austenitic microstructure. The grain boundary character

distribution can be modified through the single-step thermo-mechanical grain-boundary-

engineering treatment consisted of a slight cold deformation (5%) and subsequent annealing

process at 900 and 1000◦C. The applied grain-boundary-engineering treatment promotes

stable low-Σ special grain boundary frequency from ∼20% in the initial state to about

70%. Two optimized grain-boundary-engineered conditions (900◦C-180 min and 1000◦C-

10 min) have been chosen based on overall special grain boundary frequency, grain size,

and material texture evolution.
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Figure 6.7: A representative EBSD analysis and (b) corresponding SEM-EDS and atomic-
resolution-EELS map of the liquid Zn penetration along random grain boundary and Zn
penetration arrest point at the RRS triple junction, and (c) an example of connectivity of
the random GBN due to the transformation of the random grain boundary to Σ29-b after
the emission of Σ3 twin-boundaries from the random grain boundary (R: random GB, S:
special GB).

The optimum grain boundary character distribution suppresses liquid metal embrittle-

ment through (a) high frequency of special grain boundaries that are not sensitive to liquid

metal embrittlement, (b) inducing special grain boundary-included triple junctions such as

random-special-special (RSS), and (c) interruption of continuous network of the remaining

random grain boundaries through random to special transformation of the grain boundary

pathway due to the emission of Σ3s.

119



Figure 6.8: A(a) schematic illustration of the different possible triple junctions of random
and special grain boundaries where the LME progress continues in all the RRR and some
of the RRS type of triple junctions (if the stress-component precondition is satisfied),
however, in the RSS and SSS type triple junctions LME-crack suppression occurs, (b) the
frequency of the various types of grain boundary triple junctions in as-received, GBE-1,
and GBE-2 conditions showing the reduction of undesirable RRR type triple junction to
19 and 14% in GBE-1 and GBE-2 conditions, respectively.
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Chapter 7

Comprehensive Discussion on

Micro-mechanism of LME and Role

of Grain Boundaries

LME occurs in various liquid-solid metal couples, leading to a rapid, uncontrollable crack

growth. The literature survey showed that still there is no universal agreement on the LME

mechanism, and the role of grain boundaries in this phenomenon is not comprehensively

understood. Therefore, this research focused on two major unexplored areas of LME: the

micro-mechanism of the embrittler-induced embrittlement, and the role of grain boundary

characteristics and distribution in LME behavior.
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7.1 Experimental Evidence of Stress-assisted Grain

Boundary Diffusion Model

As discussed in Chapter three, detailed EPMA analysis of the Fe-Mn saturated Zn-alloy

showed that the liquid embrittler was not present ahead of crack tip, providing an experi-

mental evidence of solid-state grain boundary diffusion of embrittler ahead of progressing

crack-tip (Figure 7.1). Moreover, Chapter four presented high-resolution TEM analysis of

crack tip confirming the absence of dislocation activity near LME crack-tip (Figure 7.2).

These microstructural results along with the tensile stress-sensitivity of LME-cracking

in various investigated materials validated the proposed “stress-assisted grain boundary

diffusion” model to describe how LME cracks rapidly propagate into a material’s grain

boundary network. The stress-assisted grain boundary diffusion model also agrees with

the observed brittle LME cracking, and explains the role of re-sharpening (grooving) in

LME-crack rapid progression. The diffusion of the embrittler atoms into the grain bound-

ary (under the applied tensile stress) creates a diffusion wedge (re-sharpening), otherwise

the applied stress causes crack-tip blunting rather than crack opening which would resist

rapid LME-crack progression.

7.2 Grain Boundary Characteristics Role in Determi-

nation of LME crack-path

By using stress-assisted grain boundary diffusion model to describe LME in polycrystalline

metals, it is vital to understand the role of grain boundary energy in LME. It is accepted

now that grain boundaries are not just amorphous interfaces, but are structures
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Figure 7.1: Electron probe micro-analysis (EPMA) of the (b) tip, (c) middle part of the
LME crack, and (d) corresponding Zn concentration profile in various regions of the LME
crack confirming Γ-phase Zn-content range (red regions in (b) and (c)) which represents
the liquid Zn during LME-cracking (Copied from Figure 3.16).
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with energetic aspects that are relatively ordered [185,214], hence, their energy can be

correlated to geometrical characteristics such as misorientation angle and crystallographic

plane, as well as grain boundary microchemistry. According to (2γSL cos θ
2

= γGB) [109],

liquid metal penetration is governed by the local equilibrium between the energy of the

exposed grain boundaries (γGB) and the solid/liquid interface energy (γSL), where the

necessary condition of grain boundary LME-susceptibility can be defined as γGB > 2γSL.

Generally, grain boundary Gibbs energy shows a linear negative dependence on temper-

ature, whereas γSL shows a higher reduction rate [108]. This explains why an elevated

temperature (over a transition temperature of Tw) is required for LME, after which the

γGB > 2γSL necessary condition can be met.

Figure 7.2: TEM micrograph showing the absence of dislocation in the vicinity and crack-
tip confirming the minor contribution of dislocation in the Fe-Zn couple LME (copied from
Figure 4.7).

In Chapter five, it was shown that general LME-crack path along grain boundaries is

governed by a grain boundary misorientation angle (grain boundary energy)-applied tensile

stress couple (Figure 7.3). At higher misorientation angles (higher grain boundary energy),

lower stress components can trigger liquid metal penetration. This confirmed that lower
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grain boundary energies require higher external mechanical energy for the embrittlement.

In other words, in grain boundaries with lower energies an external mechanical energy is

required to overcome the SL energy barrier. However, in low-Σ (Σ < 29) and low-angle (θ <

15◦) random boundaries even the maximum external mechanical energy will not trigger

LME (Figure 7.3).

Figure 7.3: The correlation of the GB misorientation angle-stress component (σ=1: Normal
to GB, σ=0: parallel with GB) based on the collected information from ∼120 pair of grains
showing: 1-The clear boundary between Zn-penetrated and non-Zn-penetrated random (R)
GBs where LME takes place only at high-angle random-GBs (θ > 15◦), 2-By increasing
misorientation angles of random-GBs lower stress components triggers Zn-penetration, and
3-The resistance of GBs at θ= 60◦ and some of boundaries at ∼40◦ against Zn-penetration
that are attributed to the Σ3 at θ= 60◦ and the Σ5-9 CSL (S-GB) occurring at ∼ θ= 39◦

(copied from Figure 4.5).

The modeling study by Hugo et al. [84] first showed that in addition to the role of

grain boundary energy, grain boundary excess volume (per unit area of grain boundary)

affects LME susceptibility. In this framework, the packing density of atoms at the grain

boundary plays a key role in liquid metal penetration rate, where LME sensitivity signif-

icantly increases when excess grain boundary volume is greater than 0.5 Å. The results
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of the present study (presented in Chapter five) also provided experimental evidence that

only high-index-plane random grain boundaries with higher levels of excess volume are

LME-sensitive, whereas low-index-plane random grain boundaries and ordered (special)

grain boundaries resist grain boundary diffusion of embrittler atoms, and hence, are LME-

resistant (Figure 7.4).

Figure 7.4: (a) The overall distribution of the present low- and high-index grain boundaries
in the initial microstructure of the material, and (b) the distribution of the liquid-metal
penetrated grain boundary planes showing that only high-index plane grain boundaries are
susceptible to LME and the (531) is the most frequently penetrated grain boundary plane
(copied from Figure 4.11).

7.3 Grain Boundary Decohesion Mechanism

Although Chapter three and four provided the necessary evidence of grain-boundary-based

mechanism of LME and explained rapid propagation of LME-crack, the micro-mechanism

leading to the grain boundary decohesion has not been understood. The micro-mechanism

leading to grain boundary decohesion ahead of LME crack tip was discussed in Chapter five.
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Apart from the earlier proposition [110] identifying the modification of interface energy as

the LME grain boundary decohesion mechanism, currently two hypotheses of (a) the matrix

and embrittler atomic size difference and the resultant strain at grain boundary [5]; or the

most recently proposed (b) embrittler atom induced electronic state modification at grain

boundary [111] provide more realistic grain boundary decohesion description. Schweinfest

et al. [5] studied the atomic size difference influence on the Cu-Bi LME couple. The first

principles quantum mechanical calculations showed the presence of over-sized Bi atoms

(embrittler) increased the Cu-Cu bond length at grain boundaries and therefore weakened

the atomic bonding. The slightly different Bi- and Pb-induced embrittlement behavior

of Cu can be attributed to the atomic size difference hypothesis [5]. This study stands

partly against the earlier investigation of tin (Sn) and lead (Pb)-induced embrittlement in

steel [112]. Although both Pb and Sn atomic radii are larger than Fe, the size-difference

between Pb and Fe is larger than Sn and Fe. Therefore, the higher LME susceptibility of

the Fe-Sn couple was attributed to the more difficult accommodation of Pb-atoms in the

available atomic sites at the Fe-grain boundary. However, the matrix-embrittler atomic

size difference proposition has been challenged by the recent results of the grain boundary

modeling study of the Fe-Zn [113] and Cu-Bi couples [116]. Peng et al. [113] have com-

pared a clean grain boundary of the Fe matrix to an Zn-doped grain boundary. Although

the original Fe-Fe bond length was expanded due to the Zn-doping (atomic radius of Zn is

0.09 Å larger than Fe). The grain boundary decohesion (strength loss of the primary Fe-Fe

bond of grain boundary) is not only due to the bond length increase resulting from the

Zn-doping, but mainly because of the charge distribution change [113]. Zn-doping results

in a directionless charge density at clean grain boundary changes to a covalent bond with

unequal and directional charge distribution. This shifts the weak bonds from the primary

Fe bonds to the vicinity of the Zn-doped grain boundary, where the grain boundary failure
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occurs. This finding agrees with Zhang et al. [34] who have shown that the Ga-doping

has slightly altered the Al bond length, but significantly modified the electronic struc-

ture at the grain boundary. This stands against the proposed grain boundary expansion

hypothesis [12]. Duscher et al. [116] also have shown that in the Cu grain boundaries,

Bi-atoms occupy the middle site of the pentagonal Cu atomic arrangement, which did not

impose any considerable Cu bond-length change. However, Bi affects the grain boundary

cohesion through drawing charge from the neighbor metallic bonds. Although Ag-atoms

(as embrittler) can occupy the same sites at Cu grain boundaries, they do not significantly

affect the Cu charge distribution, which is in line with no severe embrittlement behavior

in the Cu-Ag system [116].

The observations in Chapter 6 provided experimental evidence for the atomic micro-

events leading to an intergranular LME cracking. Schematic illustration of the multi-stage

atomic-level LME mechanism is shown along a random grain boundary with a represen-

tative tilt angle of 50◦ (Figure 7.5). As the Gordon-An model [14] described, due to the

stress-assisted diffusion of the embrittler atoms, Zn-atoms dope the grain boundary ahead

of the progressing LME-crack. Recent atomistic modeling of the Fe-Zn couple [113] showed

the electronic structure modification as a results of Zn-atoms occupation of Fe grain bound-

ary sites weakened the adjacent Fe-Fe atomic bonds, leading to the occurrence of fracture

on one side of the Zn-doped grain boundary (Figure 7.5b- Stage II). This agrees with

the observations in the present study which validates the proposed electronic structure

modification of the grain boundary decohesion hypothesis [113]. It is most likely that the

preference of the fracture on either side of the grain boundary is governed by orientation

of the grains, which needs to be further studied. As the fracture takes place along the

grain boundary, liquid-Zn flows into the fracture path that mass-transfer the fresh liquid

embrittler to the advancing grain boundary diffusion (III). This partly explains
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Figure 7.5: (a) Schematic illustration of micro-events leading to an intergranular LME Zn
penetration-path, and (b) the multi-stage atomic-level LME mechanism along a random
grain boundary with a tilt angle of 50◦ (I), leading to Zn-doped grain boundary ahead of
the progressing LME-crack due to the stress-assisted diffusion of the embrittler atoms (Zn)
occupies the sites at Fe grain boundary which results in weakening of the adjacent Fe-Fe
atomic bonds and subsequent fracture path on one side of the Zn-doped grain boundary
due to the applied tensile stress which agrees with the proposed electronic structure mod-
ification of Zn-doped grain boundary (II), and liquid Zn flow into the fracture path which
mass-transfer fresh liquid embrittler to the further grain boundary (III).
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the existing gap in the proposed stress-assisted diffusion model that requires a mass-transfer

micro-mechanism to ensure the embrittler atoms transfer rate can adequately feed the

rapid propagating crack-tip. This proposition can be a complementary description of

the condensation micro-event of the proposed dissolution-condensation-mechanism (DCM)

model (aka RGM) [40-44].

7.4 Grain Boundary Segregation Effect

The environmentally-assisted embrittlement phenomena such as Hydrogen embrittlement

(HE) and LME can induce embrittlement independently, or interactively with other grain

boundary-based embrittlement, and be more detrimental [215]. Grain boundary embrit-

tlement can be due to (a) precipitation of secondary phase along grain boundaries, or (b)

thermal cycles inducing impurity segregation without any phase precipitation. This means

that the impurity-induced embrittlement act as preferential fracture-path in LME. The

effects of the segregation on grain boundary cohesive strength and its LME-sensitivity are

yet to be explored; however, it can be interpreted from 2 major standpoints: (1) consider-

ing the matrix and embrittler atomic size difference: the grain boundary segregation affects

interfacial energy or atomic site configuration along grain boundary which facilitates the

embrittler short-range diffusion ahead of LME crack-tip; (2) considering electronic struc-

ture modification proposition [113], where the presence of grain boundary segregation affect

the charge distribution, and hence, the cohesive strength of the grain boundary. Schrader

et al. [216] showed steel embrittlement as a result of Cr- and Mn-segregation at grain

boundary. In contrast, other studies claimed that in the absence of impurities like N, P, S,

Sb, As, Sn, or Si, segregation of major alloying elements such as Ni and Cr does not dele-

teriously impact material’s strength [217]. This agrees with the study in which removal of
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Ni or Cr from a steel, decreased the embrittlement induced by Sb, Sn, P, or As [218], which

highlights the role of major alloying elements e.g. Cr and Ni in provoking co-segregation of

the unfavorable impurities to grain boundaries. Based on the above, the interactive effects

of alloying elements segregation on the grain boundary strength can be classified as follows:

(a) the elements that co-segregate with impurities that known as segregation promoters,

(b) segregation promoters without co-segregation effect, i.e. promoters do not segregate

themselves, and (c) segregation prohibitors which make bonds with the impurities within

the matrix, and hence, prohibit the deleterious grain boundary segregation [215]. Losch

[114] has shown that the most of the strong embrittling elements like Sn, Sb, P, S, Si are

in the 3-5 period of groups: IV,V, and VI [115], which shows the correlation between the

electron configuration in outer shells and the grain boundary embrittling behavior.

LME phenomenon consists of a series of micro-events. As discussed in the previous

section, first short-length diffusion of embrittler atoms ahead of the propagating crack-

tip takes place. The size difference of the matrix and the segregated atoms at grain

boundaries potentially provides more atomic sites for the embrittler diffusion ahead of

the crack. Then, the presence of embrittler atoms weakens the grain boundaries (or the

grain boundary adjacent region).The present research showed that grain boundary open-

ing precedes liquid-Zn flow, which agrees with brittle bond-breaking LME models (the

SJWK [166,167] and the Rehbinder and Shchukin [103]). The brittle fracture occurs in

the impurity-decorated-grain-boundaries with drastically reduced fracture toughness (Kc)

[32]. In fact, the presence of impurities at grain boundaries can significantly increase the

required shear stress for activation of dislocations (i.e. solution hardening near the grain

boundary), and as a result, promote brittle fracture [112]. In the investigated austenitic

steel, the effects of Cr-segregation can be classified as follows. Firstly, co-segregation of

impurity elements embrittles the grain boundary, and causes the grain boundary to be a
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preferential path of a brittle fracture after initiation of LME-crack at material’s surface.

Secondly, the segregated atoms into the grain boundary provides preferential site for em-

brittler atom diffusion ahead LME crack due to modification of grain boundary packing

factor and energy. Here, high-angle random grain boundaries which are aligned normal to

the applied tensile stress direction are the most probable LME crack-path.
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Chapter 8

Conclusions and Opportunities for

Future Research

8.1 Conclusions

In conclusion, the present study focused on the details of liquid-metal-embrittlement (LME)

in the Fe-Zn system. Based on the research described herein, the micro-mechanisms re-

sponsible for LME phenomenon, from liquid-metal penetration to crack propagation were

definitively detailed. Also, the role of grain boundary characteristics and micro-chemistry

in LME were clarified. The details of which are described in the conclusions below:

(1) The detailed study of elemental distribution near the LME crack-tip in the austenitic

steel confirmed that, within the first micrometers of the crack-tip, liquid phase was not

present, however, the LME-crack was filled by a Fe-Mn saturated Zn alloy (showing the

presence of liquid-Zn along the propagating LME-crack). This finding confirmed that

grain boundary diffusion of embrittler atoms ahead of LME crack, providing a plausible
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explanation of LME-cracking sequence in the Fe-Zn couple. Moreover, it was found that

LME susceptibility directly depends on the applied external load, where a threshold tensile

stress is necessary to trigger LME. This shows that liquid metal penetration is a “stress-

assisted” phenomenon which agreed with the microstructural observations. However, no

dislocation activity was observed at the crack tip, showing that although LME is stress-

assisted but it is not “dislocation-aided”.

(2) Considering the stress-assisted grain boundary diffusion mechanism, hence, it was

necessary to investigate the grain boundary characteristics effects on LME. It was found

that LME crack-path is governed by grain boundary misorientation angle-applied tensile

stress couple. At higher misorientation angles (higher grain boundary energy), lower stress

components can trigger liquid metal penetration. Lower grain boundary energies require

higher external mechanical energy for the embrittlement. However, grain boundary plane

also plays a role in grain boundary LME-sensitivity, explaining the different tensile stress

levels that results in LME in similar misorientaion angles. This shows that the packing

density of atoms at the grain boundary correlates to the liquid metal penetration. It was

confirmed that even at maximum applied stress component low energy CSL boundaries

(Σ3 and some of Σ5-9) resist LME.

(3) Grain boundary segregation affects grain boundary characteristic in different ways:

it decreases grain boundary interfacial energy, modifies the atomic arrangements at grain

boundaries, and also affects the cohesive strength of grain boundaries. Hence, to fully

understand LME it is vital to identify inter-relation between grain boundary geometrical

characteristics and grain boundary chemistry. Atomic study of grain boundaries showed

that the thermal cycles and the applied external tensile loading induce a severe enrichment

at high-angle random grain boundaries. This facilitates short-range diffusion of the em-

brittler atoms ahead of a crack-tip due to modified configuration of grain boundary vacant
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sites, and affects the cohesive strength of grain boundary. This shows why high-angle ran-

dom boundaries are the most LME-sensitive sites. This method serves as starting point to

understand the correlation between the material chemical composition and its LME sus-

ceptibility, and different LME susceptibility in different materials. Moreover, the present

study validated the recently proposed embrittler-induced alteration of grain boundary elec-

tronic configuration model, and explained how the stress-assisted diffusion of the embrittler

atoms ahead of progressing LME-crack leads to grain boundary decohesion.

(4) LME-resistance of special grain boundaries opened a new research area to use

grain-boundary-engineering approach to suppress the phenomenon. In this research, grain

boundary manipulation technique was examined which showed promising results to sup-

press LME. The optimized combination of cold deformation and subsequent annealing

process promoted stable low-Σ special grain boundary about 3 times. It was revealed that

a combination of low frequency of high-energy random grain boundaries, interrupted ran-

dom grain boundary network within the microstructure, and special boundary-containing

triple junctions led to a considerable reduction of the material’s LME-susceptibility.

8.2 Recommendations and opportunities for future

research

Although the present study provided insights into the role of grain boundary chemistry

in LME, the influence of segregation on the grain boundary cohesive strength are yet to

be explored. The future studies should quantify the effects of Cr, Mn, Mo, Si, and C

segregation and corresponding co-segregation of the impurity elements at grain boundaries

on LME sensitivity of various AHSS grades. This analysis will provide a universal map of
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alloying element effects on LME susceptibility. HR-TEM (atomic-resolution EELS elemen-

tal mapping) and correlative APT analysis of the susceptible grain boundaries will provide

a general understanding on beneficial and detrimental effects of the grain boundary segre-

gation on LME. This can be used to recommend guidelines to steel alloying modifications

to mitigate/suppress LME.

LME sensitivity as a function of grain boundary geometrical characteristics in stable

austenitic structure is investigated in the present work. However, LME sensitivity as a

function of grain boundary geometrical characteristics e.g. misorientation angle, grain

boundary plane, grain orientation distribution should be investigated in various AHSS

grades. As most AHSS grades (especially the recently developed 3rd-generation grades)

have a minor fraction of stable austenite in room temperature, various methods to reveal

prior austenite grain boundaries (PAGB) should be examined. Although the present re-

search proposed a relatively new method to reveal PAGBs, the validity of this method in

identification of misorientation angle, grain boundary plane, grain orientation distribution

of prior austenite grains (in which LME-crack takes place) should be studied. This also

can clarify the LME-sensitivity of special boundaries at elevated temperature.

As shown in the literature review, there is much debate over LME grain boundary

decohesion mechanism. This study validated the recently proposed model of electronic

state modification at grain boundary due to the presence of embrittler atoms as a viable

grain boundary decohesion mechanism. In the future, it is recommended to validate this

model in various LME couples such as Ni-Bi, Cu-Bi, Al-Ga. This provides a general

understanding of LME in a wide span of engineering materials, and hence, alleviates the

associated safety concerns of LME in various materials and processes. Moreover, the

knowledge of the grain boundary decohesion mechanism can be extrapolated to other

environmental-assisted failures e.g. hydrogen embrittlement and stress-corrosion-cracking.
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[51] B. Long, Z. Tong, F. Gröschel, Y. Dai, Liquid Pb-Bi embrittlement effects on the T91

steel after different heat treatments, J. Nucl. Mater. 377 (2008) 219–224.

145
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