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Abstract

Liquid metal embrittlement (LME) is a problematic phenomenon that results in the abrupt failure
of a ductile metal that is exposed to a reactive liquid metal while simultaneously experiencing a
tensile load. Despite extensive research efforts to understand this phenomenon, the underlying
mechanisms driving LME remain unclear due to conflicting hypotheses and limited empirical
evidence. The lack of fundamental knowledge consequently hinders efforts to investigate the
influence of metallurgical factors on the severity of LME, resulting in challenges in devising
effective solutions to mitigate or eliminate this catastrophic event. In this thesis, both fundamental
and engineering aspects of LME are examined comprehensively in the iron-zinc (Fe-Zn) system
by unraveling the underlying mechanisms of LME, exploring metallurgical factors contributing to
its susceptibility, and investigating an effective strategy for mitigating LME.

The results showed that LME crack initiation entails several atomic-scale steps where the
interdiffusion of Zn atoms into the grain boundaries led to the formation of a stress-induced
diffusion wedge that significantly affects the kinetics of interdiffusion, as well as the mechanical
integrity of the grain boundary being attacked. The results of a detailed characterization of the
LME crack path revealed that stress-induced grain boundary diffusion was the most probable
underlying mechanism for LME crack propagation. It was shown that LME crack propagation was
strongly affected by the initial microstructural characteristics, in which the ferritic microstructure
was more prone to LME crack initiation, while the austenitic microstructure had a significantly
higher LME crack propagation rate. This led to the occurrence of a hybrid ductile/brittle failure in
the ferritic microstructure but a completely intergranular brittle failure in the austenitic sample.
The results showed that the ZnAlMg coating has exceptional resistance to LME cracking at high
temperatures. Due to an increase in the testing temperature, the lamellar eutectic microstructure of
the coating dissolved into the Zn-matrix, with the constituent elements, Al and Mg, segregating
towards the steel substrate and the coating surface, respectively. This led to the in-situ formation
of a uniform a-Fe(Zn, Al) layer at the steel/coating interface which prevented the direct contact of
liquid metal with the steel substrate, resulting in complete suppression of LME at high
temperatures.

The study presented an integrated perspective on LME crack formation in the Fe-Zn system and
used numerical modeling and empirical results to offer fundamental insights that have so far been
lacking in the literature. This study proposed a unified mechanism for the occurrence of LME
crack, which is able to reconcile conflicting micro- and macro-scale experimental results reported
in the literature. The study also facilitated the resolution of the long-standing debate regarding the
LME mechanisms proposed in the literature while offering practically relevant knowledge that
leads to the design of LME-resistant Fe-Zn couples.

Keywords: Liquid metal embrittlement (LME); Advanced high-strength steels; Zinc-coating,
LME mechanisms; Grain boundary; Cracking mitigation strategies; ZnAIMg coating
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Chapter 1 Introduction
1.1 Background

The catastrophic failure of metallic components by way of environmentally assisted cracking
(EAC), i.e., stress corrosion cracking (SCC) [1], liquid metal embrittlement (LME) [2,3], and
hydrogen embrittlement (HE) [4-6] is one of the leading causes for the deterioration and failure
of global assets in a wide variety of industries. Among the different types of EAC, LME has
been observed in several important metallic systems that are affected by a variety of processing
treatments (e.g., hot-dip galvanizing, and hot-stamping), manufacturing setups (e.g., soldering,
brazing, and welding), and their applications in the nuclear industry [7]. LME is a phenomenon
caused by the penetration of a reactive liquid metal into the exposed grain boundaries of a solid
metal leading to an abrupt failure in the bulk structure [8,9]. This phenomenon happens by the
concurrent action of three factors: (i) the presence of an aggressive liquid metal (hereafter called
the embrittler), (ii) a susceptible polycrystalline metal (e.g., Al, Ni, Cu, Fe), and (iii) tensile
stress acting on the metal [7]. LME has been reported in different solid-liquid systems such as
aluminum-gallium (Al-Ga [10]), nickel-bismuth (Ni-Bi [2]), copper-bismuth (Cu-Bi [11]), and
iron-zinc (Fe-Zn) [12]. The Al-Ga system has been studied in-depth due to its high LME
susceptibility and structural simplicity for atomistic modeling [7]. The Ni-Bi and Cu-Bi couples
were investigated comprehensively through ab-initio modeling and high-resolution
transmission electron microscopy (HRTEM) [2,13]. LME in the Fe-Zn couple has recently
become highly relevant due to the significant challenges it poses to the lightweight and carbon
emission goals of the global automotive industry [14-20]. LME of the Fe-Zn system has been
less recognized than other systems, which has hindered the development of new generations of
AHSS used in automotive structural components.

In recent years, several studies have been conducted to understand the LME phenomenon in
the Fe-Zn system [7,21,22]. However, the underlying physical mechanisms of LME remain the
subject of intense scientific debate. Furthermore, there is limited knowledge regarding the effect
of metallurgical factors, such as the initial microstructure and alloying elements, on the severity
of LME. The lack of systematic studies has hampered the development of effective strategies
for mitigating this catastrophic phenomenon. In light of this, a detailed investigation of the LME
in the Fe-Zn system from unraveling atomic-scale mechanisms to developing effective
mitigation strategies is a step in the right direction because the literature on this subject is
deficient.

1.2 Objectives

The aim of this study is to explore three major unexplored aspects of LME in the Fe-Zn
system as shown in Figure 1.1. The main objectives of this thesis are as follows:


https://www.sciencedirect.com/topics/physics-and-astronomy/gallium

1. Investigating the atomic-scale mechanism of LME crack initiation using numerical
modeling and empirical analysis

2. A systematic investigation of the LME crack propagation path to illuminate the
underlying crack propagation mechanism

3. Studying the influence of metallurgical factors such as initial microstructure, grain
boundary characteristics, and grain boundary chemistry on the severity of LME crack

4. Studying the LME crack susceptibility of ZnAIMg coated steel and establishing a
correlation between high-temperature phase evolution and the LME cracking severity

5. Proposing an effective LME mitigation strategy using a ternary ZnAlMg coating system

<«— LME crack propagation —
Influence of metallurgical factors

Figure 1.1 Illustration of the main objectives of the present study on the LME in the Fe-Zn
system

1.3 Thesis outline

The thesis is divided into seven chapters. The main research conducted in this thesis is
summarized in Figure 1.2. In Chapter 1, the motivation and objectives of the study are
discussed. Chapter 2 discusses the most recent advances in knowledge concerning the
mechanisms that lead to the formation of LME cracks from micro-, and atomic-scale
viewpoints. Additionally, Chapter 2 discusses the impact of metallurgical characteristics and
Kinetic parameters involved in thermomechanical processes on the severity of LME cracking.



Research problem

1 A lack of correlative knowledge regarding the mechanism, susceptibility, and
mitigation techniques of liquid metal embrittiement in the Fe-Zn system

Foundational knowledge

2 A structured overview of recent advances in understanding the LME, with a particular
focus on two main aspects: (i) responsible mechanisms, and (ii) LME susceptibility

3 Present thesis

Chapter 3: Unraveling the atomic-scale mechanism of liquid metal embrittlement
initiation using numerical modeling and empirical analysis

4 Chapter 4: A multiscale study examining the impact of microstructural characteristics
on the LME susceptibility and failure mechanism

b Chapter 5: An innovative pathway for developing LME resistant steels through the
ternary ZnAlMg coating system

6 Discussion

Discussion of the mechanisms involved in the occurrence of LME and effective LME
mitigation techniques

7 Conclusions

Summary of main findings and future research directions

Figure 1.2 A diagram illustrating the different sections of the present thesis

From Chapter 3 to Chapter 6, the contents represent the research manuscripts that have been
published or are currently submitted. Chapter 3 presents an integrated perspective on LME
crack initiation in the Fe-Zn system and uses numerical modeling and atomistic empirical
results to offer fundamental insights that have so far been lacking in the literature. Chapter 4
provides a systematic analysis of the LME crack propagation path in two ferritic and austenitic
stainless steels and establishes a correlation between the underlying mechanisms of LME crack
propagation and the influence of metallurgical factors such as initial microstructure, grain
boundary characteristics, and grain boundary chemistry on the severity of LME cracking.
Chapter 5 evaluates the LME crack susceptibility of ZnAIMg coated steel and establishes a
correlation between high-temperature phase evolution and the LME cracking severity.
Furthermore, Chapter 5 provides a new pathway for advancing LME resistant materials using
ternary ZnAlMg alloy systems. In Chapter 6, a comprehensive discussion is presented to
provide insights into the mechanisms underlying LME-induced cracks in the Fe-Zn system, as
well as discuss effective methods for reducing this catastrophic phenomenon. Lastly, Chapter
7 summarizes the main findings of the current research and discusses future research directions.



Chapter 2 : Literature review

2.1 Overview

Advanced high strength steels (AHSS) have become extensively used in the automobile
industry in an attempt to reduce vehicle weight and improve safety while maintaining relatively
low manufacturing costs [16-20]. To maintain the integrity of vehicle structures, it is necessary
to protect AHSS from corrosion. Zinc coating is a highly efficient and cost-effective technique
for protecting steel sheets from corrosion [23,24]. Despite its excellent corrosion protection, the
Zn coating may result in LME-induced cracks during different stages of manufacturing
processes, including hot-stamping [25-29], brazing [30], laser welding [31-33], and resistance
spot welding (RSW) [34-53]. Therefore, LME has emerged as a significant challenge in the
development of new generations of high-strength lightweight steels in the automotive industry.

This chapter presents a comprehensive overview of recent advances in understanding the
LME phenomenon in the Fe-Zn system. First, the general characteristics of the LME in the Fe-
Zn system will be described. Next, the proposed hypotheses that aim to explain the mechanism
leading to LME will be discussed from a historical perspective. Following this section, the
underlying LME mechanisms in the Fe-Zn system will be discussed in detail, based on both
experimental and analytical evidence In this section, emphasis will be placed on the correlation
between empirical results and theoretical predictions. Lastly, the impact of factors such as
metallurgical characteristics of steel substrate (e.g., initial microstructure, alloying elements,
etc.) and thermomechanical process parameters (e.g., temperature, stress, strain rate, etc.) on
the severity of LME cracking will be explored.

2.2 General characteristics of LME in the Fe-Zn system

The LME in the Fe-Zn system exhibits some distinctive characteristics that distinguish it
from other LME couples. These complex characteristics complicate attempts to investigate the
responsible LME mechanisms in the Fe-Zn system, which in turn results in the LME in this
system being less recognized than in other couples. Figure 2.1 provides a general overview of
the characteristics of LME in the Fe-Zn system. LME cracking in the Fe-Zn system occurs
predominantly intergranular [7], in contrast to Fe-Pb and Fe-Pb(Bi) systems which show both
transgranular and intergranular cracking [54]. Accordingly, the grain boundary characteristics
of Fe-based substrates play a critical role in crack propagation behavior [7]. The LME crack
propagation rate is rapid (up to m/s [55]), with an entire LME-induced failure occurring within
1-2 seconds [45]. The rapid LME crack propagation rate complicates the analysis of micro-
scale events at the crack tip using empirical methods, such as in-situ high-resolution
transmission electron microscopy (HRTEM). The occurrence of LME in the Fe-Zn couple
occurs within a narrow temperature range (i.e., 700-940 °C) for most families of the Fe-Zn
system. The impact of temperature on LME is evaluated by the "ductility trough" [56-58],



which indicates that the maximum reduction in tensile elongation occurs at this specific
temperature range.

Rapid crack
propagation

Tensile stress
prerequisite

LME trough

Intermetallic
compounds

Figure 2.1 Illustration of the general characteristics of LME cracking in the Fe-Zn system

The solubility of Zn in Fe-based alloys is relatively high: 45.4 wt.% at 782 °C in Fe-BCC
structure and 7.00 wt.% at 1150 °C in Fe-FCC [26]. The reaction of Fe and Zn at high
temperatures results in multi-component systems consisting of several phases and intermetallic
compounds. The Fe-Zn reaction at high temperatures can be described by using the binary phase
diagram, as shown in Figure 2.2 (a) and (b). A schematic illustration of the metallurgical phase
reactions at different temperatures is also presented in Figure 2.2 (c). The outer layer of the Zn
coating is composed of pure Zn, identified as the n-eta phase with an HCP crystal structure.
Several Fe-Zn intermetallic compounds are formed beneath this layer, as shown in the Zn-rich
corner of the binary phase diagram (Figure 2.2 (b)). The first intermetallic compound (IMC) is
zeta ({, FeZn13, Monoclinic) which contains 3-6 wt.% Fe and is formed through a peritectic
reaction at 530°C. The next IMC is the delta (3, FeZnio, HCP) with approximately 7.0-11.5
wt.% Fe and is formed through a peritectic reaction at 665°C [23,59]. The phase is divided into
two forms: o1k (FeZnz, HCP), and 61p (FeZnio/Fe1zZnize, HCP), with slightly different crystal
lattice sizes and compositions [60]. The next IMC is the gammay (I'1, Fe5Zn1, FCC) phase with
an iron composition of 17-19.5 wt.% at 450°C. As the last IMC, the gamma phase (I", FesZn1o,
BCC) is formed after the peritectic reaction at 782°C and contains a high concentration of Fe
(i.e., 23.5-28.0 wt.% Fe). The last phase preceding the steel substrate is a-Fe, which is a solid
solution of Zn in the Fe matrix (Figure 2.2 (a)). As Zn is a strong stabilizer of ferrite [26], the
reaction of Zn with Fe results in the formation of the ferritic a-Fe(Zn) phase.
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It is evident that Fe-Zn IMCs exhibit distinctly different mechanical and physical properties
owing to their different compositions and crystal structures. An illustration of the physical
properties of IMCs as a function of the Fe content is shown in Figure 2.2 (d). Increasing Fe
content increases resistance to decohesion at the coating/steel interface (i.e., flaking) while
decreasing resistance to cracking (i.e., powdering) [61]. In addition, Fe-Zn IMCs are
characterized by limited ductility due to their complex crystal structure [61]. In view of the
general characteristics of LME described in this section, investigating the underlying
mechanisms of LME crack formation has proven to be extremely challenging. Due to the
micro/nanoscale size of IMCs, a detailed analysis of the impact of IMCs on LME cracking is
complicated as ultra-thin specimens are required for advanced characterization methods.
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Figure 2.2 (a) The Fe-Zn binary phase diagram where the a-Fe phase has been identified
by the blue star in the figure, (b) the Zn-rich corner of the Fe-Zn binary phase diagram
showing the formation of different intermetallic compounds (adapted from Ref. [59]) (c) the
corresponding metallurgical phase reactions during the formation of intermetallic compounds
along with a schematic illustration of the sequence of the phases during Fe-Zn reaction, and
(d) schematic illustration of the physical properties of Fe-Zn intermetallic compounds in the
galvannealed (GA) coating as a function of Fe (Adopted from Ref. [61])



2.3 Theoretical models of LME mechanisms

Over the last decades, several models were proposed to explain the underlying mechanisms
leading to LME in various solid-liquid systems [7,62—-64]. Figure 2.3 presents a historical
perspective on the proposed LME theories over the past decades. Theoretical models were also
divided into three main categories [7,65]: (1) crack tip brittle fracture models, (2) crack tip
plastic fracture propagation models (i.e., dislocation activity models), and (3) atomic grain
boundary diffusion models. A brief overview of the proposed theoretical models is presented
in this section to provide insight into the underlying LME mechanism in the Fe-Zn system. A
detailed discussion of these models is beyond the scope of this study and comprehensive
discussions can be found in references [64—66].

W ! Brittle fracture
Ductile fracture
Atomic diffusion

Figure 2.3 An overview of the proposed models for the underlying LME mechanisms in
different solid-liquid systems. The theoretical models are classified into three main groups
including (i) crack tip brittle fracture models, (ii) crack tip plastic fracture propagation models
(i.e., dislocation activity models), and (iii) atomic grain boundary diffusion models.

2.3.1 Surface energy reduction

In this model, the responsible LME mechanism has been conceptualized as a reduction in
surface energy caused by the adsorption of liquid metal atoms [54]. This model is linked with
Griffith's theory for brittle fracture, which stated that the elastic strain energy during fracture is

transferred into surface energy (y.) as described by o, = 25Ys [54], where o is applied stress,

wa

E is Young’s modulus of solid metal, and a is the half-length of an internal crack. This model
predicts that the surface energy of solid metal is reduced by the penetration of liquid metal (i.e.,
s < ¥s, Where yg,; is surface energy at the liquid/solid interface), thereby resulting in reducing
the critical stress required to cause the brittle fracture. Despite offering a simple explanation of
LME-induced cracking, the surface energy reduction model fails to provide an accurate



prediction of the LME mechanism. The model provides no precise description of the atomic-
scale events occurring during crack propagation [67]. Furthermore, measuring the surface
energy during liquid metal penetration through experimental methods is quite complicated,
making empirical support for this model challenging [54].

2.3.2 Adsorption-induced cohesion reduction (SJWK) model

The adsorption-induced cohesion reduction model proposed independently by Stoloff and
Johnston [68] and Westwood and Kamdaras [67] (referred to as Stoloff-Johnson-Westwood-
Kamdar (SJWK) model) [67,68] is an extension of the surface energy reduction model. This
model presumes that the absorption of liquid metal atoms reduces the interatomic bond strength
of the solid metal. Figure 2.4 (a) shows the schematic illustration of the atomic configuration at
the crack tip in which the interatomic bonds to the left of A-A have been completely broken.
The potential energy curve of the solid metal is shown in Figure 2.4 (b), where the minimum
point of the energy curve represents the binding energy at the equilibrium atomic position. The
stress required to separate the A-A bond is determined by taking the slope of the potential
energy curve (i.e., dU/dr) as shown in Figure 2.4 (c). In the absence of the liquid metal, the
solid metal has a potential energy curve of U(r), and the binding energy (a,) at the equilibrium
atomic position. The presence of liquid metal atoms at the crack tip reduces the binding energy
of solid metal to a,, thereby reducing the stress required to overcome the potential energy

barrier for fracture (i.e., from g, to amg) [68]. After breaking the atomic bonds, the embrittler

atom is adsorbed to the newly formed surface, and the process is repeated until the crack
propagates throughout the microstructure [63].

a r b c

(a) L (b) (c)
40"|' | [ Tm
3a,f | '|
20 [ utr} |

% LA - :

of— — — — — + ﬁﬁﬁﬁﬁ o
%W
20} |
3a,- |

| ‘

4a -

5q, 4q, 3Ia, éao g # 9, 20, 30, 40, 59, Xo=0 XQ'O X

Figure 2.4 A schematic representation of the adsorption-induced cohesion reduction model
(AICR); (a) Atomic configuration at the crack tip, where all atomic bonds to the left of A-A
were completely broken; (b) schematic representation of the reduction in the interatomic
potential curve; (c) stress required to overcome the potential energy barrier in the presence of
liquid metal at the crack tip. Adapted from Ref. [68].



2.3.3 Dissolution condensation mechanism (DCM)

This model was first proposed by Robertson [69] and later further developed by Glickman
and Goryunov [70], which is known as the Robertson-Glickman model [71]. A schematic
representation of the primary concept of this model is shown in Figure 2.5 (a). According to
this model, the stress increases the chemical potential of the solid metal at the crack tip and acts
as a driving force for the localized dissolution of the solid metal atoms into the liquid metal (i.e,
“dissolution” stage) [71]. Solid metal atoms subsequently deposit (i.e., “condensation” stage)
onto the stress-free crack walls. Therefore, the liquid metal provides a fast transport medium
for the diffusion of the dissolved solid metal atoms [71]. However, this model is not widely
accepted because it has certain limitations [54]. For instance, the model predicts that
embrittlement would be more severe for LME couples with high solubility of solid metal atoms
in liquid metal [65]. However, the solubility of Fe in liquid Cs is only 2 x 10~* wt.% at 400°C,
yet LME in Fe-Cd systems is well documented in the literature [7,62,72]. In light of this,
Glickman [73] devised a new version of DCM referred to as the grooving accelerated by local
plasticity (GALP) model. Glickman [73] hypothesized that tensile stress and local plastic
deformation near the tip of the groove (which has been filled with liquid metal) would lead to
a decrease in diffusion length (L), ultimately leading to an increase in grain boundary grooving

rate (i.e., groove rate (V) is inversely proportional to diffusion length, V;, « Liz). Figure 2.5 (b)

shows a schematic representation of the multiple steps embrittlement process in the GALOP
model. As a first step, the grain boundary groove with a primary dihedral angle of 8 and width
of w is filled by liquid metal. The sharp grain boundary groove acts as a stress concentration
point, leading to localized plastic deformation and blunting of the groove tip and increasing the
groove width from w to §. The grain boundary groove continues to extend until the blunting
distance reaches to the AL*(parameter that indicates the increment in groove length between
two subsequent blunting events). At this point, a new blunting event occurs, which results in a
further increase in the grain boundary groove width. The occurrence of multiple (e.g., n times)
grooving-blunting events ultimately results in grain boundary cracks with the total length of
L=nXAL".
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Figure 2.5 A schematic representation of (a) dissolution condensation model that explains
LME based on the localized dissolution of the solid metal atoms into the liquid metal (adapted
from Ref. [74]) and (b) multiple stages involved in the grooving accelerated by local plasticity

(GALOP) model; (i) grain boundary groove with a primary dihedral angle of 8 and width of
w (i) increasing the width of the groove from w to the § as a result of blunting of groove tip,
(iii) occurrence of grooving-blunting event and further increasing of groove width (AL* is an
adjustable parameter and represents the groove length increment between two consequent
blunting events) and (iv) the formation of grain boundary crack with the total length of L due
to the occurrence of “n-times” grooving-blunting events (L = n X AL"). Adapted from Ref.
[71].

2.3.4 Dislocation pile-up and enhance strain hardening models

The “dislocation pile-up"” model was introduced by Hancock and Ives [75] in 1971 based on
experimental observations in the Cu(Al)-Hg system. The main idea behind this model was to
consider the role of dislocation activities in the crack tip. According to this model, crack
propagation occurs as a result of an interaction between dislocation pile-ups and diffusion of
liquid metal atoms along grain boundaries. The atomic diffusion ahead of the crack tip reduces
grain boundary cohesion, and the stress concentration caused by the pile-up of dislocations
facilitates crack propagation [75]. Accordingly, the model predicts that the LME crack
propagates preferentially in an intergranular manner [54]. Furthermore, as the stress
concentration at the crack tip is driven by dislocation pile-ups, the stacking fault energy (SFE)
of the solid metal plays a significant role in the severity of the embrittlement [75].

The role of plastic deformation at the crack tip was also discussed by Popovich and
Dmukhovskaya [76] when they proposed the "enhanced strain hardening™ model. In this model,
the absorption of liquid metal is postulated to affect the deformation behavior of the surface
layer of the solid metal, which results in the intense strain hardening of this layer [76]. The
limited strain hardening capability of the surface layer results in increased dislocation density
at the interface between liquid and solid metal, leading to the development of microcracks in
dislocation pileups and areas with stress concentrations [63,76]. The process of surface
deformation, strain hardening, enhanced dislocation density, and microcrack formation is
repeated until the LME crack propagates through the specimen.
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2.3.5 Stress-assisted grain boundary diffusion model

Stress-assisted grain boundary diffusion was first introduced by Krishtal [77] and then
developed further by Gordon and An based on experimental observations of delayed failure in
the iron-indium (Fe-In) system [78]. In this model, embrittler atoms diffuse into solid metal
grain boundaries and act as barriers for dislocation motion, causing dislocation pile-up ahead
of grain boundaries. Upon building up a sufficient concentration of embrittler atoms at some
critical depth (tens of atom diameters, according to Krishtal [77]), the stress reaches critical
levels, causing crack initiation along the grain boundary. The “fractured” tip of the grain
boundaries then allows the mass transfer of liquid metal into the crack, resulting in rapid crack
propagation [79]. These authors examined the effect of temperature and stress on the Kinetics
of crack initiation and crack propagation stages, as shown in Figure 2.6 (a). For the temperatures
below the melting point of embrittler (i.e., In), the phenomenon was referred to as solid-induced
metal embrittlement (SIME). The crack initiation time (t;) refers to the time when the crack
becomes detectable by potential drop measurement test. Accordingly, t; represents the point at
which the dominant mechanism changes from crack initiation to crack propagation. According
to Figure 2.6, the time for crack propagation is much shorter than for crack initiation; therefore,
the LME crack formation is controlled by the crack initiation stage. The measured crack
initiation time as a function of temperature is shown in Figure 2.6 (b), indicating that both SMIE
and LME follow an Arrhenius-type behavior. Further, the initiation time increases with
decreasing stress, indicating that SIME and LME (reffred as liquid-induced metal
embrittlement (LMIE) in Figure 2.6) are influenced by stress levels. The impact of stress on
crack initaion time is shown in Figure 2.6 (c). It is evident there exsits a "threshold™ stress level
below which no embrittlement occurs. The presence of stress is therefore an essential
prerequisite for the occurrence of both SIME and LME phenomena. The stress-assisted grain
boundary diffusion has been widely accepted as the underlying mechanism of LME in several
studies [7,79-81]. Detailed information regarding the empirical evidence supporting this model
in the Fe-Zn system will be discussed in the next sections.
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Figure 2.6 The effect of temperature and stress on crack initiation and propagation in solid
metal-induced embrittlement (SMIE) and liquid metal-induced embrittlement (LMIE)
phenomena; (a) schematic representation of LME crack initiation and propagation stages,
with the line paths "abd" indicating the crack initiation stage and "dbc" indicating crack
propagation stage, (b) variation of measured crack initiation time with temperature in SIME
and LIME emphasizing the temperature-stress dependence of these two phenomena, (c)
variation in initiation time as a function of stress emphasizing the critical stress required to
trigger SIME and LIME. Adopted from Ref. [78].

2.3.6 Absorption-induced localized slip

The absorption-induced localized slip model was proposed by Lynch [66,82—-84] to explain
the role of dislocation activities and localized plastic deformation at the LME crack tip. An
excessive fractography analysis was performed in order to illuminate the microscopic events
that occur during the failure in an inert environment and the failure induced by LME. In an inert
environment, crack propagation occurs when dislocation sources are activated on slip planes
perpendicular to the crack. The dislocations emitted from other sources that do not meet this
criterion, will not contribute to crack propagation, but rather will create strain fields ahead of
the crack or result in crack blunting. Consequently, the crack propagation is accompanied by
an excess plastic zone around the crack. This ultimately leads to extensive void nucleation and
growth ahead of cracks, which are evident as dimples on the fracture surface. In contrast, the
absorption of liquid metal atoms decreases the strength of the interatomic bond (i.e.,
chemisorption), indicating that a lower level of shear stress is necessary to initiate nucleation
of dislocation at the crack tip. Since dislocation nucleation is less energetically favorable than
dislocation movement, the local shear stress is considered sufficient for dislocation movement
once nucleation takes place. Furthermore, void nucleation and growth occur in advance of the
crack, and finally, the crack grows in conjunction with the voids. It must be noted that
chemisorption indirectly reduces the degree of plasticity at the crack tip and, as a result, affects
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the nucleation and growth of voids ahead of cracks. Consequently, one can expect that in the
presence of liquid environments, strains and plastic zones around cracks are small.

2.3.7 Diffsuin-induced wedge formation

This model was developed by Klinger and Rabkin [80,81] from a mathematical standpoint
and provides a detailed description of the atomic-scale events that occur during LME crack
initiation. Figure 2.7 illustrates the schematic illustration of the model for a semi-infinite
bicrystal of solid phase B subjected to tensile stress (g,) perpendicular to the grain boundary
plane, where a droplet of liquid phase A is deposited on the surface of solid phase B. Due to the
inequality in diffusion fluxes (i.. Jsoiia 8 # JEmbrittier,a ), @ Stress-induced diffusion wedge is
formed along the grain boundary. Further inward diffusion of liquid metal atoms causes a
thickening of the diffusion wedge, thereby generating a stress field along the length of the grain
boundary. It was shown that the geometrical characteristics of the diffusion wedge, including
its width and length, as well as the stress-induced diffusion, play a significant role in the kinetics
of grain boundary diffusion and the mechanisms involved in grain boundary decohesion
[80,81].

Two different mathematical solution methods were used to integrate diffusion wedge into
grain boundary concentration equations. In the first mathematical method, grain boundary
diffusion coefficients and atomic volumes (£2) of components A and B were assumed to be equal
to determine the role of externally applied tensile stress (o, in Figure 2.7 (a)) on the geometrical
characteristics of the diffusion wedge [80]. Figure 2.7 (b) shows the change in concentration

within the diffusion wedge as a function of time and applied stress. With an increase in the o
value, i.e., a dimensionless parameter described by a = % the width of the concentration

wedge increases while its length remains unchanged. Figure 2.7 (c) illustrates the relative grain
boundary concentration and penetration depth for different a values under various time
intervals, where an @« = 0, « = 1 and @ = 5 indicates no stress, low stress and high stress
conditions, respectively. The grain boundary concentration profile follows a classical error
function distribution in the absence of stress [80], similar to Fisher's grain boundary diffusion
profile [85]. Moreover, the penetration rate of A atoms within the grain boundary is significantly
increased by increasing the stress value, indicating that a high concentration of A atoms
accumulates inside the diffusion wedge as the stress value is increased.

The Klinger-Rabkin [80] model illustrates the role of external stress in the kinetics of grain
boundary interdiffusion, and it provides a persuasive explanation for the stress-assisted grain
boundary diffusion model proposed by Gordon and An [78]. Although the Klinger-Rabkin
model [80] provides an in-depth understanding of LME onset mechanisms, it is assumed that
the grain boundary diffusivities of solid and liquid metal are equal which is not true for LME.
Later, Klinger and Rabkin developed another model which included the differences in grain
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boundary diffusivities of solid and liquid metal and proposed the concept of the Kirkendall
effect during grain boundary interdiffusion [81]. Due to different intrinsic diffusivities between
two components during diffusion, the diffusion fluxes are not balanced, resulting in the plating
out of stress-induced diffusion wedge along the grain boundary. Figure 2.7 (d) and (e) show the
stress-induced interdiffusion profile for two different grain boundary coefficient ratios (i.e. ¢ =
D,/Dg, where D, and Dy are the grain boundary diffusion coefficients of matrix and liquid,
respectively). For D, < Dj (i.e., the fast diffusion of B-embrittler atoms into the matrix during
LME), a tensile stress zone develops close to the crystal surface, and compressive stress
develops ahead of the diffusion wedge. The opposite occurs in the case D, < Dy (i.e., rapid
diffusion of matrix atoms), and a zone of compressive stresses develops close to the surface.
Furthermore, the amplitude of the stresses is determined by the ratio of diffusion coefficients
and time. According to this model, the generated stress field during the interdiffusion process
contributes significantly to the driving force of grain boundary diffusion. The magnitude of the
stresses is sufficient to cause crack formation along grain boundaries, allowing further
penetration of liquid metal into the crack and the formation of LME. This model describes the
atomic scale events during the early stages of LME from a theoretical point of view, however,
it remains without direct experimental evidence.

According to the literature review presented in this section, despite various hypotheses that
have been proposed to explain the mechanism leading to LME, no consensus has been reached
regarding the universal mechanism of LME. This is due to the complexity of the LME
phenomenon, as well as the lack of empirical evidence to support the proposed hypotheses.
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Figure 2.7 (a) Schematic illustration of a bicrystal of solid B subjected to an external stress
o, perpendicular to the grain boundary plane, where a droplet of liquid phase A was assumed
to deposit on the surface of solid phase B, (b) distribution of concertation within the wedge at

different times and applied stress (a = % represents the applied tensile stress), (c) grain

boundary concentration profiles at different times, and applied tensile stress where the
concentration profile with no stress (a« = 0) condition is shown by dashed lines. Adopted
from Ref. [80]. (d) bicrystal of solid A with a deposited layer of B. The difference in intrinsic
diffusivities between A and B causes an imbalance of diffusion fluxes between the two
components, which results in the formation of a diffusion wedge at the grain boundary, () the
calculated stress-induced diffusion for different non-dimensional times (t = 0.2, 1 and 5) and
grain boundary coefficient ratios of D,/Dz = 0.1 and D,/Dy = 2. Adopted from Ref. [81].

2.4 The responsible LME mechanism in the Fe-Zn system

LME in the Fe-Zn system has several distinctive characteristics that limit the exploration
and understanding of its underlying mechanism. As described in the previous section, the LME
in the Fe-Zn couple occurs at high temperatures, i.e, between 700-900 °C [56,86]. This
temperature range exceeds the critical temperature required to transform ferrite to austenite in
most families of Fe-based substrates [18,53,87,88]. Due to the reorientation of atoms during
non-equilibrium phase transformation at high temperatures, studying the mechanism behind
LME is challenging. In light of this, a throughout understanding of the LME mechanism
requires detailed experimental and theoretical analyses, investigating the crack path from a
macroscopic, microscopic, and atomic-scale perspective. Over the past decade, extensive
research has been conducted in an attempt to understand the LME occurrence mechanism
during different thermomechanical processes. Figure 2.8 summarizes the proposed LME
mechanisms in the literature in light of the evidence derived from empirical analysis. It is
evident that the adsorption-induced cohesion reduction (SJWK) model [67,68] and (stress-
assisted) grain boundary diffusion [78] models have been widely considered as leading
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mechanisms responsible for LME in the Fe-Zn system. The proposed mechanisms are primarily
based on empirical assessments in which the resolution of the characterization methods plays
an imperative role in the accuracy of the LME mechanisms. As a result, the empirical analysis
to study LME can be categorized into different groups, ranging from atomic- to mesoscale

studies, as shown in Figure 2.9
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Figure 2.8 A diagram showing the research activities undertaken over the last decade in
order to understand the underlying LME mechanism in different families of the Fe-Zn system
during various hot-working processes, including hot-stamping, high-temperature tensile test,

resistance spot welding (RSW), and laser welding. The adsorption-induced cohesion
reduction (SJWK) [67,68] and stress-assisted grain boundary diffusion [78] were considered

in the literature as responsible LME mechanisms in the Fe-Zn system (Zn-GI: Galvanized,
Zn-GA: Galvannealed, TWIP: Twinning-induced plasticity, Q&P: Quenching and
partitioning, TRIP: transformation induced plasticity, DP: dual phase, AHSS: advanced high
strength steel 304: austenitic stainless steel)
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Figure 2.9 An illustration of the investigations on the LME crack occurrence mechanism in
the Fe-Zn system by using empirical analysis and theoretical calculations at different length
scales (DFT: density functional theory, APT: atom probe tomography, TEM: transmission
electron microscopy, EELS: electron energy loss spectroscopy, EDS: energy-dispersive X-ray
spectroscopy, EBSD: electron backscatter diffraction and EPMA: electron probe
microanalyzer)

Several recent studies suggest that (stress-assisted) grain boundary diffusion (aka Gordon-
An model [78]) is the most plausible mechanism for LME in the Fe-Zn system [22,41,65,79,89].
In this model, solid Zn atoms diffuse into the grain boundaries of the steel substrate leading to
crack initiation. The “fractured” tip of the grain boundaries then allows the mass transfer of
liquid metal into the crack, resulting in rapid crack propagation [79]. Cho et al. [26] investigated
LME crack formation in 22MnB5 steel during the high-temperature tensile test. The authors
claimed that LME-induced cracking occurred due to Zn diffusion along austenite grain
boundaries which resulted in the transformation of austenite into ferrite. This transformation
contributed to higher Zn diffusion rates along grain boundaries owing to the much higher bulk
diffusion rate of Zn in ferrite compared to austenite. The experimental evidence in support of
this hypothesis is presented in Figure 2.10. According to the SEM and EMPA analysis (Figure
2.10 (a) and (b)), the Zn content inside the LME crack was 70-80 wt.%, indicating the presence
of the I'-FesZn1o phase within the LME crack. EBSD-IPF map (Figure 2.10 (c)) showed an
equiaxed grain structure within the LME crack, which indicates the presence of a-Fe(Zn) grains
on both sides of the I'-FesZnio phase. The TEM micrographs and EDS analysis at the LME
crack further confirmed the presence of I'-FesZnio (Zn content of 72 wt.%) and a-Fe(Zn) (Zn
content of 10-40 wt.%) inside of the LME crack.
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Figure 2.10 Microstructural and element characterization of the LME crack formed during
the high-temperature tensile test at 900 °C in 22MnB?5 steel; (a) SEM micrograph of the LME
crack, (b) the corresponding EPMA analysis showing the Zn content at the LME crack tip
reaches to the 70-80 wt.% indicating the presence of I'-FesZn1o phase within the crack, (c)
EBSD-IPF map which indicates the presence of a-Fe(Zn) grains inside of the crack, (d) Dark-
field (DF) scanning TEM (STEM) image of the LME crack tip, (€) TEM-EDS analysis along
the dashed line as indicated by the arrow and (f) DF-STEM image and the corresponding
EDS-Zn map of the LME crack tip showing Zn diffusion along austenite grain boundaries.
Adopted from Ref. [26].

Kang et al. [65] investigated Zn penetration mechanisms in TWIP steel during high-
temperature tensile tests through TEM analysis in samples parallel to the normal direction (ND)
and rolling direction (RD) of the Zn penetrated region, as shown schematically in Figure 2.11
(@). In this study, the quantitative measurement of the Zn content at the tip of the LME crack
along the grain boundary was considered the most critical factor in determining the mechanisms
involved in LME. Figure 2.11 (b) and (c) illustrate the TEM analysis of the ND specimen where
the I"-(Fe, Mn)3Znyo islands were observed at the LME crack tip, which was surrounded by -
(Fe, Mn)(Zn) grains. The EDS analysis revealed a maximum Zn content of 56 wt.% for the I'-
(Fe, Mn)3Znyo phase and a range of 20-25 wt.% for the y -(Fe, Mn)(Zn) grains, indicating that

liquid Zn was penetrated along the austenite grain boundaries.

On the other hand, TEM analysis of the LME crack tip in the RD specimen (Figure 2.11 (d)
and (e)) indicated only a small fraction of I'-(Fe, Mn)3Zn1o phase (with 65.7 wt.% Zn) at the tip
of the Zn penetration boundary. The EDS results (Figure 2.11 (f)) showed that the maximum

18



Zn content at the grain boundary was 4 wt.%, which is much lower than the maximum Zn
solubility in steel.

In light of the measured Zn content at the crack tip of ND and RD specimens, Kang et al.
[65] concluded that both stress-assisted grain boundary diffusion and adsorption-induced
cohesion reduction (SJWK) models can be validated by experimental observations. In the case
of the stress-assisted diffusion mechanism, Zn atoms react with the steel substrate at low
temperatures to form a layer of the I'-(Fe, Mn)sZn1o phase at the interface between the steel and
the coating. Upon increasing the temperature, the I'-(Fe, Mn)sZnio phase is dissolved in the Fe
substrate, allowing solid Zn atoms to diffuse into the steel grain boundaries through stress-
assisted solid-state diffusion. When Zn reaches its maximum solubility in austenite, a small
amount of liquid Zn islands are formed, due to which the grain boundary cohesion is lost, and
cracks are formed. The low Zn content (i.e., 4 wt.%) at the tip of the Zn penetration region was
considered evidence for a solid-state grain boundary diffusion mechanism. For the SIWK
model, it was assumed that the I'-(Fe, Mn)sZnio phase forms at low temperatures at the
interface between the coating and the steel. As the temperature increases above the peritectic
temperature reaction, the I'-(Fe, Mn)sZnyo phase transforms into a Zn-rich liquid that penetrates
along austenite grain boundaries and eventually forms the LME crack. The model was validated
through the detection of the I'-(Fe, Mn)sZn1o phase with high Zn content (~56 wt.%) at the tip
of the LME crack [65].
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Figure 2.11 (a) Schematic illustration showing details of TEM sample preparation
orientation parallel to normal direction (ND) and rolling direction (RD) of the Zn-penetrated
grain boundary, (b) the TEM micrograph, and (c) EDS analysis of the ND specimen which
showed the presence of the I"-(Fe, Mn)sZn1o phase within the LME crack, providing evidence
to support the SJWK model, (d)-(f) TEM micrographs, and EDS analysis of the RD specimen
which showed a low Zn content at the austenite grain boundary, providing evidence in
support of the stress-assisted grain boundary diffusion model. Adopted from Ref. [65].

Although all discussed studies focused on (stress-assisted) grain boundary diffusion
mechanisms, the role of stress on grain boundary diffusion was not explored. In light of this,
DiGiovanni et al. [89] used numerical modeling (based on the Klinger-Rabkin model [80]) and
experimental observation in order to investigate the effects of external tensile stress on Zn grain
boundary penetration. Figure 2.12 shows the depth profile of Zn concentration based on
numerical calculations (i.e., solid lines in Figure 2.12) and experimental measurements by
EPMA (i.e., points in Figure 2.12). In the no-stress case, the concentration profile follows an
error function distribution, but with an increase in stress levels, it deviates from the error
function to form a distinct sigmoidal distribution. Accordingly, increasing stress levels act as
an additional driving force for grain boundary diffusion and result in an increase in Zn
penetration depth along grain boundaries. The results of this study provided a clear
understanding of the effect of tensile stress on LME behavior in which under the no-stress
condition, typical grain boundary diffusion behavior is observed, but that alone is not sufficient
to facilitate the Gordon-An penetration zone required for LME crack formation. The application
of external stress promoted the stress-assisted diffusion mechanism until the penetration zone
develops into an LME crack [89].
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Figure 2.12 The calculated and measured Zn concentration profile under different stress
levels during interrupted high-temperature tensile tests. Cases 1-3 correspond to 190 MPa,
305 MPa, and 406 MPa stress levels, respectively; (a) experimental measurements of Zn
concentration depth profiles, (b) calculated Zn concentration profile, (c) a combination of
numerical and experimental measurements for no stress condition, (d) combination of
numerical and experimental measurements for case 1, (e) combination of numerical and
experimental measurements for case 2, and (f) combination of numerical and experimental
measurements for case 3. Reprinted from Ref. [89].

As discussed up to this point, all investigations were conducted on a meso- to micro-scale
analysis, primarily based on microstructural characterization of Zn content at the LME crack
tip. Although quantitative analysis of the crack tip provides a preliminary understanding of
LME crack mechanisms (i.e., an indication for grain boundary diffusion or liquid Zn
penetration), it does not reveal insight into the micro-scale events responsible for LME crack
initiation or crack propagation. In light of this, atomic-scale analysis at the crack tip provides a
more accurate picture of the mechanisms that lead to the formation of the LME crack.
Razmpoosh et al. [79] examined the mechanism leading to LME cracking in austenitic steel
using atom probe tomography (APT) analysis. The study provided evidence for the stress-
assisted grain boundary diffusion model as the underlying mechanism of LME crack
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propagation. Furthermore, the study shed light on the role of grain boundary chemistry on
susceptibility to LME cracking. Figure 2.13 shows 3-dimensional (3D) APT maps as well as
detailed composition profiles of the Zn-penetrated grain boundary. The results showed clear
segregation of Cr and co-segregation of other alloying elements on one side of the Zn-
penetration film. The observation led to the conclusion that the LME crack propagation
involved a multi-step process where Zn-induced embrittlement led to a fracture on one side of
the grain boundary. This is followed by the subsequent flow of fresh liquid Zn, in conjunction
with the interdiffusion of Zn, Ni, and Fe along the grain boundary. This study revealed that the
LME-induced cracking occurred through a solid-state grain boundary diffusion mechanism
through which the segregation of alloying elements compromised the cohesive strength of the
grain boundaries, resulting in grain boundary fracture before Zn penetration [79].
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Figure 2.13 Atomic-scale analysis at the LME crack tip in austenitic steel using the atom
probe tomography (APT) technique at a Zn-penetrated grain boundary; (a) location of the
APT specimen at the Zn-penetrated random grain boundary, (b) 3-dimensional (3D)
reconstruction of the APT analysis indicating the region of interest, (c) the chemical profile
analysis of the Zn-penetrated grain boundary (outlined in orange) and the liquid Zn flow area
following the fracture of the grain boundary (outlined in pink), and (e) enlarged view of the
Zn-penetrated and subsequent liquid Zn flow region. Reprinted from Ref. [79].
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While the studies discussed above provide persuasive evidence supporting the stress-assisted
grain boundary diffusion mechanism, the adsorption-induced cohesion reduction mechanism
(SJWK model [67,68]) has also been identified as the plausible LME mechanism in the Fe-Zn
system [21,38,65,90]. According to the SIWK model, the liquid metal atoms at the crack tip
reduce the interatomic bond strength as a result of chemisorption. When tensile stress is applied,
the weakened bonds break and the crack propagates [7]. In light of the previous discussion,
Kang et al. [65] indicated that this model is responsible for liquid metal penetration in TWIP
steel, as evidenced by the presence of the I'-(Fe, Mn)3Zn1o phase within the LME crack (Figure
2.11 (b) and (c)). A recent study conducted by Razmpoosh et. al [21] showed clear evidence of
the Zn penetration along the grain boundaries of the austenitic steel. The TEM and EELS
analysis at the tip of the LME crack (Figure 2.14) showed that liquid Zn penetrated the grain
boundary. Furthermore, there is a severe segregation of Cr into small particles prior to the
penetration of Zn along the grain boundary. In light of their observations, the authors concluded
that the grain boundary opens prior to Zn-flow, thus supporting the SIWK model as the
responsible mechanism of LME in the Fe-Zn system [21]. A study by Murugan et al. [38]
examined Zn transport mechanisms in TRIP steel by using fractography analysis, which
revealed a variety of Zn morphologies on the fracture surface, including continuous Zn films,
and discontinuous Zn clusters between grains. As a result, the authors concluded that liquid Zn
penetrated grain boundaries which supported the SIWK model as the mechanism for LME.
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Figure 2.14 TEM and corresponding EELS elemental maps of the Zn-penetrated grain
boundary in the austenitic steel; (a) the overall view of the representative grain boundary
depicting the Zn-penetrated and non-Zn-penetrated regions, (b) the EELS-Cr map shows the
corresponding side of the grain boundary before Zn penetration, and (c) high-resolution TEM
and EELS maps of the Fe, Cr, Ni and Zn elements after Zn penetration. Reprinted from Ref.
[21].
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In light of the aforementioned discussions, the underlying mechanism responsible for LME
remains insufficiently understood, such that no consensus can be reached regarding a unified
mechanism, despite each providing a plausible explanation for LME. Therefore, it appears that
there are some significant uncertainties regarding the mechanisms responsible for LME
occurrence in the Fe-Zn system. For instance, the proposed mechanisms fail to distinguish
between crack initiation and crack propagation stages. Currently, it is not yet clear whether
stress-assisted grain boundary diffusion or liquid metal penetration is responsible for the
initiation of LME cracks. In addition, the role of stress during the Zn diffusion process has not
been thoroughly investigated. In regard to the mechanisms underlying LME crack propagation,
there are still some disagreements in the literature. It is important to determine whether the
propagation of LME cracks is caused by a brittle fracture at the crack tip or by dislocation
activity and localized slip. While the TEM analysis at the LME crack tip did not indicate
dislocation activity [21,65], a thorough analysis of the LME-induced failure —i.e., fractography
analysis combined with characterization of the LME crack tip, is also necessary in order to
identify the mechanisms responsible for LME crack propagation. Therefore, the LME
mechanism has been concealed behind a number of contradictory hypotheses without any
experimental support. In addition, the absence of a unified LME mechanism in the Fe-Zn
system complicates the role of metallurgical factors in determining LME susceptibility.

2.5 LME susceptibility in the Fe-Zn system

Numerous factors contribute to the susceptibility of LME cracking in the Fe-Zn system.
Generally, these factors can be divided into three categories as shown in Figure 2.15 [91]: (i)
metallurgical characteristics of the steel, i.e., initial microstructure, alloying elements, etc. (ii)
factors related to the Zn-coating, including its chemistry and intermetallic compounds, and (iii)
Kinetic parameters pertaining to the hot-working process. The influence of thermomechanical
process parameters such as temperature [56,57,92], strain rate [58], holding time [42], and
heating rate [86] has been extensively explored in the literature. However, the impact of the
metallographic characteristics of steel substrates and Zn coatings on LME susceptibility has not
been examined in depth.
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Figure 2.15 The factors affecting LME severity in the Fe-Zn system including
metallurgical characteristics of the steel, factors related to the Zn-coating, and kinetic
parameters pertaining to the hot-working processes

The parameters of the hot working process play an influential role in LME severity. Fe-based
alloys can appear to be resistant to LME under a particular set of test conditions but suffer
severe embrittlement under other test conditions [37,86,93]. Among the different hot working
processes, the role of process parameters in RSW has been extensively investigated in the
literature [35,37,38,42,44,46,94-96]. There are also a few studies that examine the impact of
laser welding parameters on the severity of LME cracking [9,33]. As RSW is subjected to
extreme non-equilibrium conditions, including high heating and cooling rates and extremely
short welding times [35,37,46], the high temperature tensile test has also been conducted to
assess the influence of temperature, strain rate, heating rate, etc., on LME cracking
susceptibility [12,89,97]. Figure 2.16 summarizes the impact of RSW and high-temperature
tensile test (HTT) parameters on LME severity. In the case of HTT, temperature is a critical
determinant of LME severity. The impact of temperature on LME is evaluated by the "ductility
trough” [22,56-58], which states that the severest reduction in tensile elongation occurs at a
specific temperature range (i.e., 700-940 °C [56-58,86,98]). The severity of LME commonly
increases with increasing temperature [22,47,56,57]. The impact of temperature on LME
severity, however, is dependent upon other factors, such as the chemical composition of the
steel or coating and HTT parameters, including strain rate, heating rate, and holding time
[56,58,86]. For example, Beal et al. [56] showed that strain rate has a significant influence on
the temperature range for the occurrence of LME in TWIP steel. At the lowest strain rate
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(1.3 x 103 s%), no significant difference was observed between the tensile behavior of Zn-
coated and uncoated specimens at all test temperatures between 600 and 1000 °C. By increasing
the strain rate, the LME occurs at the temperature range between 775-950 °C, with the most
severe embrittlement occurring at 800 °C and 850 °C. Additionally, it was shown that an
increase in strain rate results in a wider range of embrittlement temperatures by decreasing the
lower temperature limit (i.e., 775 °C for 1.3 x 102 s7%, 700 °C for 1.3 x 10t st and 600 °C for
1.3 s71) [56]. Similarly, Kang et al. [58] showed that lower strain rates reduced LME-induced
ductility loss in high-Mn steel at 700 °C and 800 ° C.
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Figure 2.16 Overall impact of high-temperature tensile tests and resistance spot welding
process parameters on the severity of LME cracking

Contrary to the hot-tensile process, the RSW process generates inhomogeneous distributions
of temperature and stress in different regions of the specimen [35,37,46]. Heat input is one of
the most significant factors influencing the severity of LME, as a reduction in heat input reduces
the susceptibility to LME [37,96,99]. Meanwhile, an adequate amount of heat must be provided
in order to meet the minimum nugget size required to achieve the integrity of the weldment
under mechanical loads [15,100,101]. In light of this incongruity, RSW specimens with
acceptable nugget sizes usually contain LME cracks.

The alloying elements in AHSS (e.g., Mn, Al, Si, Nb, V, N, etc.) can affect LME
susceptibility through various mechanisms including (i) affecting the diffusion of Zn into Fe-
substrates [45], (ii) segregation into grain boundaries (or co-segregation with Zn atoms) [21,79],
and (iii) affecting the interaction between steel and liquid Zn to form different IMC and phases
[12]. Among different alloying elements, only the effect of Si content on LME susceptibility
has been studied in depth in literature. It is known that an increase in Si content increases the
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susceptibility of the steel substrate to LME cracking [45,102—-104]. A recent study showed that
increasing Si has a significant effect on the microstructural characteristics of dual-phase steels
[45]. According to this study, increasing Si content led to an increase in the density of internal
oxides along grain boundaries and increased the depth of the decarburization layer. It is
noteworthy that the intergranular internal oxides adversely impact grain boundary cohesion,
which in turn affected the susceptibility of grain boundaries to LME cracking [14,45].
Additionally, the results showed that the severity of LME cracking was notably higher in the
sample with higher decarburization layer depth (i.e., the sample with high Si content) [45]. This
is consistent with the findings of recent investigations, which showed that increasing the Si
content increases the depth of the decarburization layer and the density of internal oxides,
thereby increasing the LME susceptibility [102,103]. However, the role of a fully ferritic layer
on LME crack susceptibility is not in complete agreement with what has previously been
discussed in the literature [7,28,65]. It has been frequently reported that the susceptibility of
austenitic microstructures (such as TWIP steels [56,105]) to LME cracking is much higher than
that of ferritic structures due to the much higher grain boundary diffusion coefficient of Zn in
austenite as compared to ferrite [7,28,65]. This led to the conclusion that LME cracking can be
prevented by using steel substrates with ferritic decarbonization layers [7]. However, the results
presented earlier [22,45,91,102,103] indicated that LME can occur in fully ferritic
microstructures. In this regard, there is no consensus regarding the role of initial microstructure
in susceptibility to LME cracking. This lack of knowledge impedes the development of
effective strategies for mitigating LME through the use of microstructural modification
techniques.

The literature review of the mechanisms involved in crack initiation and propagation, as well
as the role of metallurgical factors on LME susceptibility, revealed that different aspects of the
LME phenomenon in the Fe-Zn system remain unexplored. It is evident that further research is
required to identify the mechanisms responsible for the occurrence of LME. The advancement
of research in this area leads to a better understanding of the factors that contribute to the
susceptibility to LME, and, as a result, facilitates the development of strategies to mitigate this
important concern from structural and engineering components.
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Chapter 3 : Unraveling the atomic-scale mechanism of liquid metal
embrittlement crack initiation in the Fe-Zn system!

3.1 Overview

Catastrophic brittle failure of ductile crystalline materials by liquid metal embrittlement
(LME) is a widely documented phenomenon but the fundamentals of its initiation mechanism
are poorly understood. The embrittlement of iron (Fe) by zinc (Zn) has recently become highly
relevant due to the popularity of Zn-coated steels but the underlying mechanism driving LME
in this couple remains unclear. The results of this study showed that the formation of a stress-
induced diffusion wedge (SIDW) at the exposed grain boundary (GB) due to the interdiffusion
of Zn-embrittler atoms was the trigger for LME. The formation of the SIDW facilitated the
diffusion of the Zn-embrittler atoms into the GBs, which devastated their coherency and
mechanical integrity. LME initiation entails several steps: (i) solid-state GB diffusion, (ii)
formation of the SIDW, (iii) eventual melting of the SIDW, and (iv) opening of the liquid wedge
due to interdiffusion and the application of externally applied stresses.

3.2 Background

In the last decade, LME in the iron-zinc (Fe-Zn) couple [12,22,44,91,95,106] has drawn
considerable attention due to the development of Zn-coated advanced high strength steels
(AHSS) used in the automotive industry to produce lightweight and crash-resistant structural
components [107,108]. There are two continuous stages involved in LME cracking: crack
initiation and crack propagation [78]. The LME susceptibility of a material is a crack initiation-
controlled phenomenon, i.e., once cracks are initiated, they propagate into the bulk substrate as
fast as several tens of micrometers per second [54]. To date, there have been several proposed
hypotheses that aim to explain the mechanism leading to LME [64-66], but despite these
efforts, there is no clear consensus in the existing literature. This is due to the complexity of the
LME phenomenon, which makes it difficult to model the LME behavior based on the proposed
theories due to a lack of experimental data and the difficulty associated with gathering empirical
evidence pertaining specifically to the instances that mark the onset of LME.

Two distinct hypotheses have been considered to explain the mechanism leading to the onset
of LME in the Fe-Zn couple. Some studies argue that strain-activated chemisorption of liquid-
metal atoms (commonly known as the Stoloff-Johnson-Westwood-Kamdar (SJWK) model
[67,68]) is the governing mechanism for LME [21,38,65,90]. The SJWK model states that the
liqguid metal atoms at the crack tip reduce the interatomic bond strength as a result of
chemisorption, which causes the interatomic potential curves to have lower barrier energy

1 A modified version of this chapter is submitted to Acta Materialia, Ali Ghatei-Kalashami, M. Shehryar Khan,
Frank Goodwin, and Y. Norman Zhou
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needed to break the bonds at the crack tip. When tensile stress is applied, the weakened bonds
break and the crack propagates [7]. On the other hand, several recent studies suggest that stress-
assisted grain boundary diffusion (which is commonly known as the Gordon-An model [78]) is
the most plausible mechanism for LME [22,65,79,89]. In this model, embrittler atoms diffuse
into the grain boundaries of the substrate leading to crack initiation. The “fractured” tip of the
grain boundaries then allow the mass transfer of liquid metal into the crack, resulting in rapid
crack propagation [79]. However, the Gordon-An [78] model does not account for the
occurrence of micro/atomic scale events that contribute to the initiation of LME. For example,
the diffusion of the embrittler atoms along grain boundaries (i.e., grain boundary interdiffusion)
has not been included in this model. Furthermore, there is no clear understanding of how the
application of stress affects the interdiffusion process and how the atomic diffusion leads to
crack initiation resulting in the subsequent decohesion of the grain boundaries.

To study the effects of stress on grain boundary diffusion, Klinger and Rabkin [80]
developed a grain boundary interdiffusion model in a semi-infinite bicrystal system under
applied external stress to the grain boundary plane. According to this model, due to the
inequality in diffusion fluxes (i.e. Jsoiia # JEmbritter ), @ Stress induced diffusion wedge is
generated along the grain boundary [80]. This diffusion wedge creates an extra diffusion flux
which provides the driving force for grain boundary interdiffusion. In the Klinger-Rabkin [80]
model, however, the grain boundary diffusivities of solid and liquid metal were assumed to be
equal, which is not true for LME. Later, Klinger and Rabkin developed another model which
included the differences in grain boundary diffusivities of solid and liquid metal and proposed
the concept of the Kirkendall effect during grain boundary interdiffusion [81]. According to
this model, interdiffusion of the embrittler atoms along grain boundaries can generate a stress
field along the grain boundary, which acts as the thermodynamic driving force for diffusion.
While this model attempts to describe the atomic-scale events involved in the early stages of
LME, there is still lack of experimental evidence supporting the model, making it difficult to
draw definitive conclusions.

In light of this, an atomic-scale experimental investigation of LME in the highly relevant Fe-
Zn couple would be a progressive step toward unraveling this complex phenomenon. This
chapter examines atomistic processes at grain boundary leading to the initiation of the LME
crack and validates the proposed hypothesis of grain boundary (GB) interdiffusion as the most
plausible mechanism for LME crack initiation. The results show that the interdiffusion of the
Zn-embrittler atoms into the grain boundaries of the Fe-substrate led to the development of a
stress-induced diffusion wedge that significantly affects the kinetics of interdiffusion, and the
mechanical integrity of the grain boundaries being attacked by the liquid metal; ultimately
leading to LME-induced crack initiation. This chapter is extremely relevant to the ongoing
discussion on LME crack initiation events, with the results presented in this chapter providing
some much-needed clarity to better understand this complex phenomenon. The present study
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seeks to provide a deeper and more comprehensive understanding of the factors contributing to
the onset of LME, offering important insights into developing potential strategies for
eliminating LME in the Fe-Zn couple.

3.3 Material and method
3.3.1 Numerical modeling

A numerical model of a semi-infinite bicrystal, originally developed by Klinger and Rabkin
[81], was used to study the interdiffusion process in the Fe-Zn binary system. The model
assumes that diffusion occurs only through the GB, with bulk diffusion being neglected [81].
Due to the different GB diffusivities of Zn and Fe, their corresponding diffusion fluxes (shown
as J,nand Jr. in Figure 3.1) are also different. The divergence of diffusion fluxes leads to the
insertion of a diffusion wedge (referred to as extra wedge material in [81]) as shown in Figure
3.1. Gao et al. [109] claimed that the diffusion wedge can be represented as an array of edge
dislocations, which allows the stress at the GB to be calculated using Eshelby’s analysis for
edge dislocations near a surface. The analysis shows the build-up of a stress concentration at
the tip of the diffusion wedge, acting as an effective contributor to the driving force for GB
diffusion [80,81,110]. The wedge in the present study is referred to as a stress-induced diffusion
wedge (SIDW), which emphasizes that it was formed as a result of the atomic GB diffusion.
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Figure 3.1 Schematic illustration of the Fe-Zn binary couple used; the inequality of
diffusion fluxes (J;,and Jr.) leads to the formation of a stress-induced diffusion wedge
(SIDW). (W represents the width of the SIDW and S shows a schematic representation of the
wedge-induced stress)

The chemical potential gradient is the driving force for diffusion. For a given binary system,
the activity (a') is determined by the following equation:

pt—p® = kTin o Equation 3.1
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Where n° is the chemical potential of component i at the standard state (25 °C and 1
atmospheric pressure), k is Boltzmann constant, and T is temperature. Herring [111] showed
that in the presence of a stress gradient, diffusional flows move in directions that relieve the
inequality of stress. In the presence of a normal stress (o), the chemical potential of any atom

of volume 2 would change as:

o —pl = kTina' + o Equation 3.2

The atomic fluxes along the GB are associated with the diffusion of Zn atoms into Fe-
substrate (J,,,) and the diffusion of Fe-atoms towards Zn (Jz.) and can be represented as:

acir 08D Jo
— gb gb .
]Zn = —SDQZI? ay — T Cng;l @ Equatlon 3.3 (a)

acke n&pre do
— gb gb .
Jre = —8D)5 oy kT Cop % Equation 3.3 (b)

where, & is the thickness of the GB, C,;"**™ is the GB concentration term, and Dj;"**" is
the GB diffusivity term. It is assumed that GB diffusivities are independent of pressure (p) and

concentration (C), e.g.:

dD (o) =0 Equation 3.3 (¢)
op

aD(0) _ 0 Equation 3.3 (d)
oac

Based on Fick’s second law, the GB concentration profile can be written as follows (see
Appendix A for the complete derivation of the equation in supplementary materials):

at 9 5y2 Y TRkT dy dy | kT 9 ay?

=Znand Fe
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Equation 3.4

To solve Equation 3.4, the stress profile along the GB, a(y, t) must be defined. Since the
SIDW can be represented as a continuous array of edge dislocations [109], the normal traction
at each position of y along the GB can be represented as [109]:

® ow(x,t) i
ogp v, 1) = E*f K (y,x)de Equation 3.5 (a)
0
1 1 2 -
— 20~ 2) Equation 3.5 (b)
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where, E* = is the effective elastic modulus, E is Young’s modulus, and v is

4(1-v2)
Poisson's ratio). It should be noted that the presence of SIDW with a width of w (x, y) must be
taken into account in the diffusion equations (see Appendix A). Therefore, the GB
concentration with the application of stress-induced interdiffusion is described as follows:

anb_(S L02CY  QSDFFOCT 0 QSDFY . 9%0 Equation 3.6 (a)
at Dy dy? kKT 9y dy = kT 9% 9y2
ow
—Cb' 5 ot
0Cgs _ oo 0°Cob  O8DGE0CH 05 00DGE ,, 0% Equation 3.6 (b)
at 9b - gy2 T dy 0y+ kT 9% 9y2
_cre ™
LFY;

Equations 3.6 (a) and (b) are valid only when the SIDW grows with increasing time (i.e.,
ow (x,y)
at

during the LME phenomenon). Assuming C, gb CgF;j =1, we get:

> 0). This condition corresponds to D Dgg (or Jz»>Jre, Which happens explicitly
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The following dimensionless variables were used to solve Equation 3.7:

W=K Dypt Y:X Z=£ Szﬂ :6!2E* Equation 3.8

§ T2 L L T LT T

where W is the dimensionless width of the SIDW (see Fig. 1), S is the dimensionless stress
distribution along the GB, and t represents time. Equation 3.8 was substituted into Equation
3.5 and Equation 3.7 to obtain the following set of equations representing the width of the
SIDW, GB concentration, and the wedge-induced stress as a result of Zn atoms diffusing into
the Fe-substrate GB:
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where 6 = D /ng,
Equations 3.9 (a)-(d) were solved numerically using the finite difference method as described
in detail in Appendix B.

which defines the ratio between GB diffusivity of Fe relative to Zn.

3.3.2 Experimental procedure

An austenitic stainless steel (AISI 304) with a chemical composition of 0.08C-2.00Mn-
0.75Si-(8-12)Ni-(18-20)Cr (wt.%)) and a thickness of 1.0+0.1 mm was used in this study. The
as-received stainless steel was Zn-coated with an average thickness of 10 um through an
electro-galvanizing process. The LME cracks were induced by thermomechanical processing
using a high-temperature uniaxial tensile test carried out on a Gleeble 3500 thermomechanical
simulator machine under standard atmospheric conditions, referred henceforth as hot-tensile
tested (HTT) samples. Copper (Cu)-grips were used to hold the tensile samples at high
temperature and the temperature of the samples was controlled by the K-type thermocouple
welded at the center of the samples. More comprehensive details regarding the preparation of
the tensile test samples can be found elsewhere [12]. The HTT samples were heated to the target
temperature of 800 °C at a heating rate of 1000 °C/s and held at that temperature for 0.5 s before
subjecting the sample to a tensile load, with a constant crosshead speed of 1 mm/s. The HTT
process parameters including temperature, heating rate, and holding time were selected to
replicate the most severe thermomechanical conditions encountered in the Fe-Zn LME [89].
To study LME initiation, the HTT samples were interrupted right before failure was initiated.
The interrupted samples were cut using a high-precision metallurgical saw and prepared for
microstructural examination. The electron transparent lamellae were cut parallel to the grain
boundaries using the focused ion beam (FIB) Thermo scientific Helios G4 PFIB machine. The
atomic-scale investigation of the FIB-milled electron transparent lamellae specimen was carried
out using high-resolution transmission electron microscopy (HRTEM) and energy-dispersive
X-ray spectroscopy (EDS) on the FEI Titan 80-300 HB double aberration-corrected TEM
system.
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3.4 Results

3.4.1 Numerical modeling of the interdiffusion process

Figure 3.2 illustrates the calculated width of the SIDW (Figure 3.2 (a)), the wedge-induced
stress (Figure 3.2 (b)), and the GB concentration profiles (Figure 3.2 (c)) at various (non-
dimensional) times, t. It is clear that the width of the SIDW increases with increasing time as
seen in Figure 3.2 (a). It has been suggested that the concentration of embrittler atoms at the
base of the SIDW can reach the solubility limit in the GB, which implies that the SIDW shares
a coherent atomic structure with its surrounding bulk at the initial stage of the interdiffusion
process [80]. This is in agreement with the results on the Al-Ga couple where it was found that
the Ga atoms (acting as the embrittler) did not affect the atomic structure of the GB in the Al
matrix [112]. As the SIDW grows to a critical size such that the concentration of embrittler
atoms exceeds the solidus concentration, the SIDW melts [80]. This occurrence is similar to the
analogous scenario described by Gordon and An [78] who referred to this phenomenon as the
"incubation time" before the onset of LME. The incubation time was experimentally observed
in the Al-Ga couple in which it was found that there was a variable delay between the time the
sample reached the melting temperature of Ga and the detection of its first traces in the GB
(ranging from about 120-180 s) [113]. In the Fe-Zn system, the LME-induced failure process
occurs within a very short period of time (less than 1-2 seconds [91]), which makes it extremely
challenging to determine the incubation period experimentally. However, the calculations of
incubation time and SIDW thickness will be discussed in the next section.
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Figure 3.2 The calculated width of the stress-assisted diffusion wedge (SIDW), generated
stress field, and grain boundary concentration at various non-dimensional times (t = 1 — 30)
for the grain boundary ratio 6 = 0.1 (The 6 = D] /D7' < 1 indicates that D} > D} (or
Jzn>Jre) Which happens explicitly during the LME phenomenon). The formation of the SIDW
resulted in the generation of a sinusoidal stress field with both tensile and compressive
components acting along the length of the grain boundary. The schematic representation
provides an understanding of the incubation time prior to the initiation of the LME crack. The
time period between the start of atomic grain boundary diffusion and the melting of the stress-
assisted diffusion wedge is considered the incubation time prior to LME crack initiation.

The formation of the SIDW resulted in the generation of a sinusoidal stress field with both
tensile and compressive components acting along the length of the GB, as shown in Figure 3.2
(b). The tensile stress acts near the surface, while the compressive stress acts closer to the tip
of the SIDW. Over prolonged times, as the size of the wedge increases, the magnitude of the
compressive stress tends to decrease. The results also show the changes in the GB concentration
profile (Figure 3.2 (c)), with the GB concentration of the embrittler atoms increasing as time
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increases. This trend is a clear indication of an increased amount of embrittler atoms diffusing
into the GB.

The depth of the GB under stress is another geometrical characteristic of the SIDW that
affects the interdiffusion process. The GB depth under tension is a representation of the length
of the SIDW, which is determined by the point of zero stress and the crystal surface (Figure 3.3
(@)). Figure 3.3 (b) illustrates the variation in the normalized length of the SIDW (Lyensite /L)
at different times. It is evident that Ly,.,4;./L follows a parabolic behavior with increasing
time, clearly indicating that the tensile stress zone is initially confined to the bulk Fe matrix,
progressively pulling it apart to facilitate the diffusion of the Zn-embrittler atoms into the Fe
GB.

The applied tensile stress during interdiffusion along the GB plane was calculated using
Equation 3.8 for a common Fe-based alloy with E = 190 GPa, v = 0.33, 2 = 1072 m3, and
for different temperatures ranging from 500K to 900K. The variation of maximum tensile stress
with D] /DZ}' at different temperatures has been shown in Figure 3.3 (c). The maximum tensile
stress acting on the GB increases rapidly with decreasing the value of Dgg/Dﬁ‘ less than 0.001,
but it remains relatively constant for values of D/; /D7 less than 0.001. Furthermore, the
results show that as the temperature increases, the magnitude of the tensile stress increases for
the same value of Dgg /Dgg. Klinger and Rabkin [81] proposed that the generated stresses
induced by the interdiffusion process were sufficiently high to cause crack initiation at the GB.
The results presented in this study validate the original hypothesis and therefore, we can
conclude that LME is, in fact, initiated due to GB diffusion, leading to the formation of a SIDW
that causes the subsequent crack initiation event.
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Figure 3.3 (a) Schematic illustration of the Fe-Zn binary couple along with the calculated
stress field as a function of position (Y axis) at non-dimensional time of t= 5 and grain

boundary coefficient ratio of 6 = Dj{j/Dj{} = 0.1. The grain boundary under tension is a

representation of the length of the stress-assisted diffusion wedge (Lrensize) @and is determined
by the point of zero stress and the crystal surface, (b) Variation of the normalized length of
stress-assisted diffusion wedge (Ltensile/L) With non-dimensional time, and (c) The
calculated maximum tensile stress acting on the grain boundary plane with respect to grain
boundary coefficient ratio (6 = Dgg /Dj{}) for a common Fe-based for different temperatures
ranging from 500K to 900K.

3.4.2 HRTEM analysis of the Zn-penetrated grain boundaries

The TEM micrographs along with the high-angle annular dark-field (HAADF) image and
the corresponding Zn-EDS map of the initial stages of Zn penetration into the GBs of steel
substrate are shown in Figure 3.4 (a)-(c). The first region of interest (identified as (I) in Figure
3.4 (c)) was associated with the point of initiation of LME cracking when the wedge had been
filled with liquid Zn, but it had not resulted in bulk liquid penetration into the GB. In the second
region (identified as (I1) in Figure 3.4 (c)), Zn had completely penetrated into the GB, and LME
had been fully realized.

Figure 3.4 (d) and (e) show that the interface between the Zn and Fe has a clear wedge-
shaped profile. Figure 3.4 (e) also shows the corresponding fast Fourier transformation (FFT)
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diffractogram from the tip of the pre-penetration wedge (labeled as (111)). The inverse Fourier
filtered transformation (IFFT) image shown in Figure 3.4 (e), identifies the lattice fringes from
the corresponding region. The IFFT image indicates that the tip of the pre-penetration wedge
shows a significant degree of lattice distortions with an array of lattice dislocations (shown with
the “L” symbol). The HRTEM observations of the earliest stage of LME onset are important
because they allow the identification of a relationship between the experimentally observed
wedge and that discussed in the numerical modeling section.

The root cause for the formation of the SIDW is the difference in diffusion fluxes between
the Zn and the Fe which causes the solid wedge to form at the exposed GBs of the substrate
[80,81,109]. The matrix of SIDW loses its coherency as it becomes larger (i.e., approaches a
critical size), while at the same time, the presence of the notch at the tip of the wedge, intensifies
the effect of the tensile stress across the length of the GB. As the cohesiveness of the structure
is compromised by the increased embrittler content in the wedge, LME is initiated as the liquid
metal is able to quickly penetrate along the GB. Similar results have been reported in the
atomic-resolution TEM analysis of LME in the Al-Ga system, which revealed that a critical
thickness of solid-state embrittler atoms (at least a double monolayer of Ga) was required for
liquid metal to penetrate the GB [112], similar to the critical size of the wedge being proposed
in this study. Ludwing et al. [113] studied the in-situ GB penetration in the Al-Ga couple and
observed that the liquid Ga penetration layer had an almost wedge-like shape with an opening
angle of a few 107° rad. The MD simulation in the Al-Ga couple indicated that the interaction
between external stresses and Ga penetration causes a chain of dislocations to form that climb
down the GB at a relatively constant rate [10,114].

Interestingly, there is a striking resemblance between the shape of the SIDW and the GB
groove [80]. The thermodynamic driving force (Fp) responsible for the formation of the GB
groove is the reduction of the total GB area (i.e., Fp = ygg — 2Ys1.) Where y¢p is the GB
interface energy and yg; is solid/liquid surface energy [113]. When 2y, < y4g, Spontaneous
GB penetration is thermodynamically favorable, leading to GB replacement by liquid metal
[54]. This means that liquid metal may penetrate along the GBs even in the absence of extrinsic
stress, as observed in the Al-Ga system [115]. In the case where 2yg; > y;p (i.€., Fe-Zn system)
[54], the replacement of the GB by a liquid film is not energetically favorable, resulting in an
energy barrier for cracking. Glickman [73] proposed the grooving accelerated by local plasticity
(GALOP) model where macro LME cracks are formed by a series of repetitive “grooving-
blunting” events. In the Fe-Zn system, however, experimental observations revealed no
dislocation activity or plastic deformation at the LME crack tip [21,65], which makes it clear
that the formation of the GB groove does not lead to the onset of the LME crack.
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Figure 3.4 (a) TEM micrograph of the electron transparent lamellae from the interrupted
high-temperature tensile test specimen showing three main regions including Zn coating,
liquid metal embrittlement (LME) region, and Fe substrate, (b) high-angle annular dark-field
(HAADF) image along with (c) Zn-EDS map showing the Zn penetration along grain
boundaries; two regions were selected for high-resolution transmission electron microscopy
(HRTEM) analysis, (d) the corresponding TEM micrograph along with Zn-EDS map of the
“(1): pre-penetration wedge” at the earliest stage of LME initiation when the grain boundary
of Fe-substrate has not been intact; Region (I11) was selected for HRTEM analysis as
indicated in the TEM micrograph, (e) the corresponding HRTEM of the region (111) along
with fast Fourier transformation (FFT) diffractogram and the inverse Fourier filtered
transformation (IFFT) image which shows the lattice fringes from the corresponding region
demarcated by the red box (The IFFT image was obtained by applying the filter masks on the
diffraction spots).

The representative TEM micrograph and the corresponding EDS-Zn map of the Zn-
penetrated GB (region (I1) in Figure 3.4 (c)) are presented in Figure 3.5 (a) along with the
HRTEM micrograph and the FFT diffractogram and IFTT lattice image corresponding to the
tip of the Zn-penetrated GB shown in Figure 3.5 (b). A high degree of lattice distortion and a
high density of lattice dislocations can be clearly seen at the tip of the penetration area. The
HRTEM analysis of the interface between the Zn-penetrated GB and the y-Fe grain is shown in
Figure 3.5 (c). The IFFT image of the Fe-Zn interface clearly shows the incoherency in the
lattice caused by the penetration of Zn into the GBs, leading to the subsequent decohesion of
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the GB structure which inevitably reduced the strength of the matrix, making it highly
susceptible to intergranular cracking. The results offer definitive proof that the SIDW is, in fact,

a precursor to the penetration of liquid Zn into Fe grain boundaries and the root cause for the
initiation of LME.
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Figure 3.5 (a) TEM micrograph along with Zn-EDS map of the Zn-grain boundary
penetrated (see the region “(Il): Zn-penetrated grain boundary” in Fig. 3 (c)) when LME has
been fully initiated. Two regions were selected for atomic-scale HRTEM analysis as indicated
by (I): the tip of the Zn-penetrated grain boundary and (Il): the interface between the Zn-
penetrated grain boundary and the Fe substrate, (b) HRTEM micrograph alongside the fast
Fourier transformation (FFT) diffractogram and the inverse Fourier filtered transformation
(IFFT) lattice image corresponding to the tip of the Zn grain boundary penetration (region
(D), (c) The HRTEM analysis of the interface between the Zn-penetrated grain boundary and
the Fe grain (region (I1)). The FFT diffractogram reveals two sets of diffraction spots
corresponding to Fe and Zn at the interface.

3.5 Discussion

This work provides novel insights into the atomic-scale events leading to the initiation of
LME cracking in the Fe-Zn system. The schematic illustration of the LME crack initiation
events is shown in Figure 3.6. The liquid Zn coating and solid Fe-substrate are initially
subjected to external tensile stress at a high temperature, which provides the additional driving
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force needed for greater interdiffusion of Zn atoms towards the Fe-substrate by the stress-
assisted GB diffusion mechanism.

In the first stage of LME initiation, a SIDW is formed by way of interdiffusion at the exposed
surface of the substrate along the GB, as shown by the schematic illustration of the LME crack
initiation events in Figure 3.6. The SIDW becomes larger and begins to reach a critical size
whereby losing its structural coherency. Melting occurs when the concentration of embrittler
atoms in the SIDW exceeds the solidus concentration [80]. The transition from the formation
of the solid SIDW to its eventual melting is a complicated phenomenon due to the microscale
nature of the solid wedge. The current model, however, can be used to approximate the critical
size of the wedge before its melting. According to the calculated phase diagram for the Fe-Zn
binary system, the Zn solidus concentration at 800 °C (see experimental methodology section)
is approximately 40 wt.% (~36 at.%) [116], which is the Zn content needed to ensure complete
melting of the SIDW. The length of the SIDW (c.f. Figure 3.3 (L7ensize)) Was considered as the
point at which the Zn content reaches the critical concentration required for the melting of the
wedge.

The concentration profile was calculated for the common Fe-based alloy with Dj}} =

7.51 x 10712 m? /s at 725 °C [117] using Equation 3.8 as shown in Figure 3.7 (a) in which the
length of the SIDW is indicated by dashed lines. The SIDW does not reach a critical
concentration of Zn required for melting when the exposure time is less than 188 ms. Upon
exceeding this time threshold, the results show that sufficient Zn accumulates in the solid
wedge, which results in the melting of the wedge. Due to the relative volume of the wedge
compared to the volume of the surrounding substrate and the Zn layer, it can be assumed that
the melting of a portion of the wedge implies that the entire wedge has melted.

The time interval between the formation of the wedge and its melting corresponds to the
incubation time, as shown schematically in Figure 3.6. Despite the rough estimation of the
incubation time, the results are quite consistent with the experimental observations made in the
Fe-Zn system where the LME-induced failure occurs within less than 1-2 s [91], in contrast to
the delayed failure observed in other LME systems [80].
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Figure 3.6 Schematic illustration of mechanisms leading to LME crack initiation; Due to
the inequality of diffusion fluxes during Zn diffusion into the Fe-substrate grain boundary, a
stress-induced diffusion wedge (SIDW) is formed at the grain boundary. The formation of the
SIDW generates a sinusoidal stress field along the grain boundary plane. As the SIDW
becomes thicker and deeper, it loses its coherency, resulting in the SIDW melting. The tensile
stress is applied near the Fe/Zn interface leading to the wedge opening, while the wedge
retains its wedge-shaped profile due to the presence of compressive stresses at the tip. This
stage is known as the LME crack initiation stage. The further penetration of the liquid metal
into the deep area of the GB will then cause LME propagation.

The maximum width of the SIDW (i.e., w (y = 0, t)) at various times was also calculated
as shown in Figure 3.7 (c). The results confirm that it is impossible for the width of the SIDW
to exceed the thickness of the GBs [80]. This is completely reasonable given that the present
model is based on Fisher's GB model [85], in which the thickness of the GB is assumed to be
independent of time and temperature [80,81]. In contrast, the maximum wedge width observed
in the HRTEM micrograph is considerably larger (~400 nm according to Figure 3.4) than that
predicted by the theoretical model. This apparent inconsistency in the predicted and
experimentally observed size of the wedge is not unusual as can be seen in the Al-Ga case [113]
where the wedge observed using in-situ TEM analysis was much larger than the size that was
predicted numerically. One possible explanation for this difference between theoretical and
experimental measurements is the role of stress on the width of the wedge. The stresses
generated during interdiffusion are sufficient to cause phenomena like plastic deformation
[118], creep [119], and bending [120].
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The application of the tensile stress near the Fe/Zn interface can lead to the formation of the
wedge, which retains its wedge-shaped profile due to the presence of compressive stresses
present at its tip (Figure 3.7 (d)). The externally applied tensile stress also contributes to the
widening of the wedge. It should be noted that due to the rapid formation of SIDW with only a
few monolayers of embrittler atoms, atomic-scale characterization techniques, such as in-situ
HRTEM, are not feasible as they are unable to detect the formation of an ultra-thin solid wedge.
Nevertheless, the wedge-shaped penetration layer observed in this study offers concrete
evidence to support the hypothesis that the formation of a diffusion-induced wedge is a
prerequisite for the initiation of LME. The pre-penetration wedge, shown in the HRTEM
micrographs, is formed due to the presence of the tensile stress and the high content of
embrittler atoms in the wedge. As the wedge grows larger — approaching a critical size — its
coherency is compromised leading to the eventual melting of the wedge, which is the official
initiation of LME that can finally result in the aggressive penetration of liquid metal from the
surface into the GBs.

Further penetration of the liquid metal into the GBs will then cause the cracks to propagate
throughout the microstructure, with the tip of the wedge acting as a sharp notch which increases
the stress intensity factor (K) at the tip higher than the threshold stress intensity required for
crack formation (K Tn) [113], whereby contributing to crack nucleation at the GB and
facilitating liquid metal penetration into the substrate. Interestingly, the mechanism discussed
here also has philosophical implications for LME crack formation theory according to the
classical Griffith framework, whose theory of fracture mechanics states that crack initiation is
associated with the creation of free surfaces [109]. A fracture criterion is defined as a balance
between the strain energy released at the crack tip and the surface energy required for the
creation of the new surfaces, such that the surface energy becomes a dominant component of
the energy balance. Due to the wedge-shaped profile and its associated stress distribution, it is
straightforward to conclude that crack nucleation is more energetically favorable in the presence
of a wedge compared to a flat surface [109].

The mechanisms described here offer much needed insights into unresolved issues regarding
the LME initiation mechanism in the Fe-Zn system. The present model shows that the LME
initiation mechanism involves multiple steps starting with solid-state diffusion along the
exposed GBs at the liquid Zn and solid Fe-substrate interface, followed by the formation of a
wedge-shaped profile that grows to a critical size, triggering crack nucleation at the GB, which
results in the bulk penetration of liquid Zn into the Fe-substrate. The models described here are
capable of explaining the experimental observations as they incorporate both solid-state
diffusion [65,79,89] and direct liquid metal penetration [21,38,65,90] along the GB. This study,
therefore, offers a unified explanation for the initiation of LME in the Fe-Zn system by
discussing both solid-state diffusion and liquid metal penetration scenarios.
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Figure 3.7 (a) The calculated concentration profile for the common Fe-based alloy. The
length of the stress-induced diffusion wedge ( Lyensize) Was considered as the point at which
the Zn content reaches the critical concentration required for the melting of the wedge, which
is indicated by dashed lines, (b) An enlarged section of the diagram of the grain boundary
concentration at 201 ms, (c) the calculated width of the stress-induced diffusion wedge
(SIDW) over various times, indicates that it never exceeds the thickness of the grain
boundary, (d) the calculated stress and width of the SIDW at time of 201 ms.

3.6 Summary

In this chapter, numerical modeling and atomic-scale experimental analysis were used to
provide insights into the atomic-scale events describing the initiation of LME in the Fe-Zn
couple. This work provided experimental evidence for the stress-assisted grain boundary
interdiffusion model as the precursor leading to LME initiation. The results revealed that LME
initiation entails several steps, including (i) solid-state GB diffusion, (ii) formation of the stress-
induced diffusion wedge (SIDW), (iii) melting of the SIDW after reaching a critical size, and
(iv) opening of the liquid wedge due to interdiffusion and the application of externally applied
stresses. The tip of the wedge acts as a sharp notch which increases the stress intensity at the
GB, further facilitating the penetration of Zn at the GB. The results of this study are a crucial
step in understanding the fundamental complexities associated with the LME phenomenon in
the Fe-Zn couple.
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Chapter 4 : Crack susceptibility and failure mechanism of zinc-assisted
liquid metal embrittlement in ferritic and austenitic steels?

4.1 Overview

The theoretical models that have been developed to explain the micro-scale events that lead
to the LME are unable to provide a clear explanation of the mechanism of LME crack
propagation once the crack has been initiated. This lack of knowledge makes it significantly
complicated to analyze the effect of initial microstructure on LME susceptibility and failure
mechanism for the iron-zinc (Fe-Zn) system. Thus far, research activities on the role of
microstructure on LME susceptibility have either provided conflicting results or failed to
establish any correlation between crack susceptibility and the failure mechanism. In this
chapter, steels with fully ferritic and austenitic microstructures were subjected to the same
thermomechanical processing treatment to gain insight into how relevant features of the initial
microstructure such as grain boundary distribution and local chemistry influence LME crack
susceptibility and failure mechanism. The results showed that both ferritic and austenitic
microstructures were sensitive to the LME crack formation. The ferritic microstructure was
more prone to LME crack initiation with relatively low LME crack propagation rate resulting
in a much higher frequency of smaller cracks observed in the sample. The austenitic
microstructure was resistant to crack initiation but had a significantly higher LME crack
propagation rate resulting in fewer cracks which were much larger in size. This led to the
occurrence of a hybrid ductile/brittle type failure in the ferritic microstructure but a completely
intergranular brittle failure in the austenitic sample. The results offer clear evidence of LME
crack susceptibility in ferritic and austenitic steels, which can be used to guide microstructural
modification strategies when developing novel methods to eliminate Zn-assisted LME cracking
in steels.

4.2 Background

LME is a complex phenomenon; at present, there is no unified explanation for the crack
propagation mechanism, especially on an atomic scale [54]. Over the last few decades, several
models were proposed to explain the occurrence mechanism of this abnormal phenomenon as
discussed in Chapter 2. Despite a rich body of literature on the subject, the underlying
mechanism for LME crack propagation remains unclear. Regarding LME in the Zn-coated
steels, there is currently no clear understanding of the mechanism by which liquid metal quickly
penetrates the grain boundaries of the steel substrate through the nanosized crack tip originating
at the steel-coating interface. In some studies, the emphasis was placed on the atomic grain

! This chapter consists of the published manuscript in Materials Characterization, Ali Ghatei-Kalashami, M.
Shehryar Khan, Frank Goodwin, and Y. Norman Zhou, Vol. 195, 2023.
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boundary diffusion mechanism [41,65,79,89], while others provide some evidence in support
of the mass transport along grain boundaries [21,38,65,90]. As a result, the mechanism of LME
crack propagation has been clouded by several contradictory and divergent hypotheses, with
very little experimental support to offer any additional clarity. Consequently, an understanding
of crack propagation during LME requires a detailed experimental analysis, investigating the
crack path from a macroscopic, microscopic, and atomic perspective. Despite the significant
challenges of observing the in-situ atomistic processes occurring at the LME crack tip [113], a
detailed analysis of the LME crack path and its relationships to metallurgical characteristics
would offer invaluable insights into the accuracy of the proposed theoretical mechanisms that
may be involved in the LME process in the Fe-Zn system.

The metallurgical features of the steel substrate such as initial microstructure, grain boundary
characteristics, and chemical composition of the alloy play a critical role in controlling LME
crack propagation [22]. However, experimental studies have produced contradictory findings
regarding the influence of initial microstructure on LME cracking and the resulting impact on
mechanical properties. Generally, the effect of metallurgical features on LME susceptibility in
the Fe-Zn system (e.g., initial microstructure or different content of alloying elements) is
assessed by either quantitative crack analysis (i.e., crack number and crack length) [45,104] or
by the holistic effect of LME on the degradation of tensile properties (i.e., loss of ductility) [97].
While it is obvious that LME-induced failure analysis is an excellent indicator of the LME crack
propagation mechanism [54], this aspect has not been extensively examined in the literature for
the Fe-Zn system, due to the many metallurgical features that may affect the LME crack
propagation mechanism.

There is a lack of correlation between LME crack characteristics, mechanical properties, and
failure behavior in the literature, which has made it challenging to investigate the role of
metallurgical features on LME cracking susceptibility in the Fe-Zn system. For example, it has
been reported that LME occurs only in the austenitic microstructures during the hot stamping
of Zn-coated boron steels [28], which has led to conclusions that LME cracking may be
eliminated by using steel substrates that have a ferritic microstructure at higher temperatures
during hot-stamping [7]. Although austenite-containing microstructures have been frequently
reported as the most susceptible to LME cracking [47,65], recent research has found that
increasing decarburization depth (i.e., increasing the ferritic layer) leads to greater LME
susceptibility in dual phase (DP) steels [45]. The presence of LME in the fully ferritic
decarburized layer was also confirmed more recently during RSW of quench and partitioned
(Q&P) steels [102,103]. Furthermore, in a recent study, it was shown that a fully ferritic
microstructure is quite sensitive to LME cracking, as evidenced by the high number of LME
cracks observed during the RSW process [22]. Bhattacharya et al. [97] compared the LME
cracking behavior in different initial microstructures including martensitic, Q&P, TRIP-assisted
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bainite-ferrite (TBF), and ferritic-martensitic steels during high-temperature tensile testing and
concluded that the degree of LME severity was not significantly affected by microstructural
components such as retained austenite or carbide-free bainite. Based on the literature it is clear
that a comprehensive and rigorous understanding of the influence of the initial microstructure
on LME crack susceptibility is necessary for the full understanding of the responsible
mechanisms for LME crack propagation in the two main allotropes of Fe: alpha iron (a-Fe) and
gamma iron (y-Fe), i.e., analyzing the LME cracking behavior in fully ferritic and austenitic
microstructures. This type of study holds the promise to facilitate the development of strategies
that will mitigate and eliminate LME in the Fe-Zn system.

Therefore, the purpose of this chapter is to provide a detailed experimental investigation
covering two critical aspects of LME in the Fe-Zn system that remain unexplored in the
literature. This study offers a thorough examination of the sensitivity of LME crack formation
to microstructural characteristics in fully ferritic and austenitic microstructures and presents a
new perspective on defining LME susceptibility by correlating quantitative characteristics of
cracks with the associated failure mechanism. The comprehensive discussion based on the
results of this study illuminates the potential crack propagation mechanism during LME in fully
ferritic and austenitic microstructures. Furthermore, this study discusses how proposed
theoretical models can accurately predict a unified crack propagation mechanism in light of
different Fe-substrates' metallurgical characteristics. The results of this section not only provide
a detailed understanding of the LME crack propagation mechanism in the Fe-Zn system but
also disclose the impact of metallurgical factors on the LME crack propagation path by
providing a definitive definition of the LME crack susceptibility. Consequently, this study
opens the pathway to developing LME-resistant Fe-Zn couples that are effective under different
hot working conditions.

4. 3 Materials and methods

The as-received materials investigated in this study were 439-type ferritic (nominal chemical
composition: 0.03C-1.00Mn-1.00Si-0.20Ti-(17-19)Cr (wt.%) per ASTM A240 [121]) and 304-
type austenitic (nominal chemical composition: 0.08C-2.00Mn-0.75Si-(8-12)Ni-(18-20)Cr
(Wt.%) per ASTM A240 [121]) stainless steels (referred to henceforth as a-Fe and y-Fe,
respectively) with a thickness of 1.0+0.1 mm. An electro-galvanizing (EG) process was utilized
to apply a Zn coating to the steel panels. The thickness of the Zn coating layer was 10 pm. More
details regarding the initial microstructures of the as-received materials can be found in Ref.
[22,91]. It is worth noting that LME in the Fe-Zn system occurs at high temperatures and within
a narrow temperature range (i.e., 700 °C and 900 °C) [56,86], which exceeds the critical
temperature needed to transform ferrite to austenite in most families of Fe-based substrates [22].
Due to the severe reorientations of atoms during non-equilibrium phase transformations at
elevated temperatures, the role of metallurgical features in LME cracking behavior is uncertain.
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The ferritic and austenitic stainless steels were specifically selected as the base materials for
this study to ensure no high temperature phase transformation occurred during the hot-tensile
test (HTT) as confirmed by the dilatometry analysis presented in Ref. [22], which showed that
the austenite to ferrite transformation in the a-Fe specimen started at 1000°C, which was
significantly higher than the temperature range required for the initiation of LME in the samples
(i.e., 700 °C and 900 °C).

High-temperature uniaxial tensile tests were carried out using a Gleeble 3500
thermomechanical simulator machine under standard atmospheric condition. Copper (Cu)-grips
were used to hold the tensile specimens during testing at high temperatures. The temperature
of the tensile test specimens was controlled by the K-type thermocouple welded at the center
of the samples. Force, displacement, and temperature were recorded using 1 ms frequency
during the HTT. The HTT samples were cut into a dog-bone shape using the ProtoMax Abrasive
Waterjet Cutter. The hot-tensile tests were conducted on uncoated and Zn-coated specimens to
study the effect of LME cracking on tensile properties of the a-Fe and y-Fe specimens. For the
preparation of the uncoated specimens, the Zn was completely removed by submerging the
HHT specimens in a solution of 50% hydrochloric acid and 50% water for 20 s. For the
preparation of the Zn-coated HHT specimens, the gauge area of the specimens was first covered
with M-masking tape (S-6540). Afterward, the coating was stripped from all surfaces except
for the gauge area on the one side where the masking was applied. This sample preparation
method for the Zn-coated HTT specimens prevents Zn from sticking to the Cu grips and the
thermocouples during the high-temperature tensile test. The samples were subsequently cleaned
with isopropanol and dried using an air knife. As the masking tape was peeled off the Zn-coated
specimens after drying, only the gauge area showed an intact coating. Figure 4.1 illustrates the
process of preparation of uncoated and Zn-coated specimens. The thermomechanical
processing for the LME crack study was heating the samples to 800 °C at a heating rate of 1000
°C/s. The specimens were held at 800 °C for 0.5s before being strained at a constant crosshead
speed of 10 mm/s until final failure. The testing parameters were chosen to replicate common
thermomechanical conditions experienced in Fe-Zn LME [89].
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Figure 4.1 The preparation of the uncoated and Zn-coated specimens for the high-
temperature tensile test (HTT); the Zn was completely removed from all surfaces of the
uncoated HTT specimen. In the case of the Zn-coated HTT specimen, the Zn was removed
from all surfaces of the specimen except for one side of the gauge area.

Microstructural characterization was conducted by scanning electron microscope (SEM,
JSM7001F), energy-dispersive spectroscopy (EDS), and electron backscatter diffraction
(EBSD) methods. The EBSD samples were prepared with a conventional sample preparation
procedure and a final vibratory polishing step. A high-speed Hikari CCD camera was used for
pattern acquisition ranging from 1.0-0.2 um step size. EBSD data was analyzed using the
MTEX [122] toolkit in MATLAB. For each of the EBSD data, the inverse pole figure (IPF),
grain reference orientation deviation (GROD), and grain orientation spread (GOS) were utilized
to reconstruct the microstructures of the samples. The GROD measures the misorientation
between a reference point (or the mean misorientation) and the other points [123]. The GOS is
defined as the average deviation in orientation between each scan point contained within a grain
and the average orientation of the grain. Through the use of the GOS, all scan points within a
grain are given the same value [123]. The range of color bar was between 0°~50° for GROD
and 0°~20° for GOS maps. The transmission electron microscope (TEM) equipped with EDS
and electron energy loss spectroscopy (EELS) was used for LME crack characterization. TEM
samples were prepared via focused ion beam (FIB) with the Thermo Scientific Helios G4 PFIB
machine. High-angle annular dark-field (HAADF) micrographs were captured using an FEI
Titan 80-300HB operating at 300 keV. The electron channeling contrast imaging (ECCI) was
conducted using a Quanta 250 FEG SEM system with a Gemini-type field emission gun and a
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four-quadrant backscatter electron detector. The accelerating voltage and working distance
were 20 keV and 2.6 mm, respectively.

Fractography analysis was performed on the Zn-coated a-Fe and y-Fe specimens after failure
to assess the effect of LME cracking on the failure mechanism of the specimens. It is worth
noting that the contamination of fracture surfaces by liquid Zn poses a significant challenge to
fractography [38]. To remove the Zn contamination from fracture surfaces, the Zn-coated
fracture specimens were immersed in a solution of HCI (30 vol. %) + H,0 (70 vol. %) for 10
s. Subsequently, the samples were cleaned with isopropanol, dried using an air knife, and stored
in low oxygen containers. The SEM analysis was conducted immediately following the
cleaning of the samples to prevent the fracture surface from oxidizing when exposed to the air.
The Keyence VK-X250K confocal laser scanning microscope (CLSM) was used to characterize
the surface morphology of LME cracks on the surface of the samples.

4.4 Results

4.4.1 Impact of LME on tensile properties

Figure 4.2 shows the representative engineering stress-stress curves for the uncoated and Zn-
coated a-Fe (Figure 4.2 (a)) and y-Fe (Figure 4.2 (b)) samples after HTT at 800 °C. The
corresponding reduction in ductility of the Zn-coated samples, with respect to their uncoated
counterparts, has been also shown in Figure 4.2 (c). The results show that Zn-coated a-Fe and
v-Fe samples displayed a noticeable reduction in ductility when compared to their uncoated
state. The difference in tensile properties observed between the Zn-coated and uncoated
samples is a result of LME during the HTT. As displayed in Figure 4.2 (c), the y-Fe steel
exhibited a significantly higher loss in ductility (i.e., 72%) compared to the a-Fe (i.e., 18%)
specimen. This indicates that the detrimental impact of LME cracking on tensile properties was
significantly higher for the y-Fe steel compared to the a-Fe steel.
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Figure 4.2 Engineering stress-strain curves of the uncoated and Zn-coated (a) ferritic (a-
Fe) and (b) austenitic (y-Fe) samples after HTTing at 800°C, (c) the corresponding ductility
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Figure 4.3 (a) shows the SEM images of the cross-section of the Zn-coated a-Fe specimen
after failure. It is evident that the fractured sample exhibited two distinct regions; the first region
Is associated with ductile fracture in which a high degree of plastic deformation and necking
happened during the tensile test. This region is identified as 'Region I' in Figure 4.3 (a), where
the presence of voids near the fracture surface is abundantly clear. The second region is
associated with a flat-shaped fracture surface showing a completely brittle failure with no sign
of plastic deformation or necking as indicated by ‘Region II’ in Figure 4.3 (a). Additionally,
several LME cracks are observed in the vicinity of the brittle fracture surface, where the high
magnification SEM micrographs of LME cracks are shown as ‘Region III’ in Figure 4.3 (a).
This observation indicates that the a-Fe sample experienced a hybrid-type failure with a
combination of ductile fracture that showed void nucleation/void coalescence and brittle
fracture which was associated with rapid LME crack propagation. Furthermore, Figure 4.3 (a)
indicates that the LME crack propagation rate was low, which meant that LME cracking was
not the dominant failure mechanism in this sample. Consequently, it can be concluded that this
sample showed a hybrid failure mechanism which consisted of void nucleation/void
coalescence from the uncoated side, accompanied by the LME-induced cracking from the
coated side.
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The LME cracking and failure behavior of the a-Fe specimen can be further examined by
the topographic maps shown in Figure 4.3 (b), which were acquired by CLSM from the top
surface of the specimen on the Zn-coated side. Numerous LME cracks can be observed on the
surface of the sample, consistent with the results of the SEM analysis (Figure 4.3 (2)). In fact,
the degree of plastic deformation and the size of the plastically deformed zone close to the
fracture surface can be observed through the height difference between the deformed and
undeformed regions of the tested specimen [124]. The region that is affected by the LME cracks
clearly indicates their relatively brittle nature, while the underlying regions of the sample that
are still intact, exhibit plastic deformation during additional loading (blue areas in Figure 4.3
(b)), confirming the hybrid nature of failure in this sample.
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Figure 4.3 (a) SEM micrographs illustrating the cross-section of the ferritic (a-Fe)
specimen after HTTing at 800°C. There are two distinct fracture surfaces; 'Region I' which
corresponds to ductile fracture, and 'Region 11" which indicates brittle failure. The high
magnification micrographs of the LME cracks are displayed in 'Region 111", (b) the height-
colored confocal laser scanning microscope (CLSM) maps of the top of the a-Fe fractured
specimen. The a-Fe sample exhibited hybrid failure behavior in which an LME-induced
failure occurred from the Zn-coated side of the sample and a ductile fracture occurred at the
center.
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The brittle and ductile fracture regions observed in the a-Fe specimen were studied by
EBSD, as shown in Figure 4.4 (a) and (b). The IPF map from the ductile region (Figure 4.4 (a))
clearly indicates that grains were elongated in the tensile direction. The correlation between
EBSD data and plastic strain of grains was carried out by utilizing two specific EBSD
misorientation parameters, GROD and GOS, as shown in Figure 4.4. The values for GROD and
GOS were quite high for the ductile region of the fracture surface, which indicates that a high
degree of plastic deformation was applied to the region during tensile deformation. Conversely,
equiaxed grains were observed on the IPF maps in the brittle region of the fracture surface
(Figure 4.4 (b)). The EDS-Zn map clearly shows that Zn was present at the fracture surface due
to liquid Zn penetration through grain boundaries. Additionally, the GROD and GOS values in
this region were almost zero, indicating that minimal plastic deformation occurred along the
fracture surface during high-temperature tensile testing. This observation further confirms that
the a-Fe specimen failed by way of a hybrid mechanism, with both ductile and brittle fracture
features observed in the HTT samples.
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Figure 4.4 EBSD-IPF, GROD, and GOS maps from the cross-section fracture surface of
the ferritic (a-Fe) specimen after HTTing at 800°C; (a) EBSD maps of the ductile region in

the fracture surface and (b) EBSD, EDS-Fe and EDS-Zn maps of the brittle region (IPF:
inverse pole figure, and GOS: grain orientation spread).
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Figure 4.5 (a) depicts SEM images of the cross-section of the Zn-coated y-Fe specimen after
failure. It is evident that the y-Fe specimen failed in a completely brittle manner, associated
with LME-induced cracking, with no signs of plastic deformation or necking observed along
the fracture surface. In contrast to the a-Fe specimen, a significantly lower number of LME
cracks were observed in the area near the fracture surface of the specimen. However, the length
of the LME crack was much larger in the y-Fe specimen (i.e., 400 pum) compared to the a-Fe
substrate (i.e., 160 um). The topographic maps showing the top surface of the y-Fe specimen,
shown in Figure 4.5 (b), indicate that no surface height difference was observed at the surface
of the fractured specimen. Thus, no plastic deformation was applied to this sample and the
failure was completely brittle in nature. Moreover, the zigzag pattern along the fracture surface
is a clear indication that the fracture occurred because of LME caused by the penetration of
liquid Zn through the microstructure.

Figure 4.6 shows the EBSD and EDS analysis of the cross-section of the Zn-coated specimen
after failure from the corresponding region demarcated by the red box in Figure 4.5 (a). The
EBSD-IPF and Zn-EDS maps make it clear that failure in these samples was associated with
rapid LME crack propagation through the y-Fe grain boundaries. The GROD and GOS maps
indicate that there is no plastic strain within the grains along the fracture surface, further
confirming the occurrence of brittle failure in the y-Fe specimen.
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Figure 4.5 (a) SEM micrographs of the cross-section of the austenitic (y-Fe) specimen after
HTT at 800°C, showing the brittle failure along with the presence of LME cracks (The SEM
image in Region 111 is represented from the backscattered electron (BSE) mode), (b) the
height-colored confocal laser scanning microscope (CLSM) maps of the top of the y-Fe

fractured specimen.
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Figure 4.6 EBSD-IPF, EDS-Fe, and EDS-Zn maps along with GROD and GOS maps of
the cross-section of the austenitic (y-Fe) specimen after HTT at 800°C showing that there is
no plastic strain within the grains, confirming the occurrence of brittle failure in the y-Fe
specimen (IPF: inverse pole figure, GROD: grain reference orientation deviation, and GOS:
grain orientation spread).

The results presented in this section clearly show that LME cracking was observed in both
the a-Fe and y-Fe samples. However, since the crack propagation rate in the a-Fe sample was
much lower compared to the y-Fe sample, the final failure happened through a hybrid
mechanism consisting of both brittle and ductile characteristics at the fracture surface. For the
v-Fe specimen, the predominant failure mechanism was completely brittle in nature due to the
rapid propagation of the LME crack through the substrate.
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4.4.2 Fractography analysis

Figure 4.7 illustrates the representative SEM images of the fracture surfaces of the Zn-coated
a-Fe samples. The fracture surface showed a hybrid transitionary fracture characteristic with
three distinct regions labeled as the (i) ductile zone, (ii) transition zone, and (iii) brittle
(intergranular) zone. The presence of voids in the ductile zone of the fracture surface indicates
that the failure in this particular region occurred in a ductile manner, which is further validated
by the necking observed in the cross-section of the ductile region of the fractured specimen
(shown as Region | in Figure 4.3). The SEM image of the transition zone shows a distinct
chevron fracture pattern, clearly indicating the direction of crack growth along the chevron
ridges. The SEM images of the brittle zone revealed intergranular cracks, with the grain
contours clearly visible on the fracture surface. This observation clearly indicates that LME
cracks propagated through the grain boundaries resulting in an intergranular fracture
morphology.

The SEM images of the fracture surface of the Zn-coated y-Fe specimen are shown in Figure
4.8. In contrast to the a-Fe specimen, the fracture morphology of the y-Fe specimen was entirely
intergranular, emphasizing the dominant effect of the LME cracking on failure behavior. The
results show that the fracture surface is made up of undeformed y-grains without any signs of
plastic deformation. Additionally, the twinning features that were observed in the as-received
microstructure were also observed within the 3D y-grains that were observed along the fracture
surface. These results indicate premature fracture in these samples and are completely in
agreement with the significant reduction in ductility of the y-Fe sample shown in Figure 4.2.
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Figure 4.7 SEM micrographs of the fracture surface of the Zn-coated a-Fe specimen; the
fracture surface has three distinct zones, including (i) the ductile zone, (ii) the transition zone,
and (iii) the brittle zone.
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Figure 4.8 SEM micrographs of the fracture surface of the Zn-coated y-Fe specimen
showing the entirely intergranular fracture morphology.

4.4.3 LME crack characterization

Figure 4.9 illustrates the EDS-Zn and EBSD-IPF maps in the vicinity of the LME cracks in
the a-Fe and y-Fe samples. The EDS results confirm that Zn penetrated the grain boundaries
resulting in LME-induced intergranular cracking, which is consistent with the fractography
analysis shown in Figure 4.7 and Figure 4.8. The EBSD results show that LME cracks
propagated through high-angle grain boundaries (HAGBs) in both a-Fe and y-Fe samples.
Razmpoosh et al. [21] showed that liquid metal penetration occurred only on random grain
boundaries where its propagation was determined by the misorientation angle and the stress
component perpendicular to the grain boundary (GB) plane. It was shown that at low GB
misorientation, high stresses were needed for liquid metal penetration; however, a lower stress
component was required to trigger Zn penetration at greater misorientation angles [21].

The GB characteristics, particularly the GB misorientation angle distribution and GB
character distribution (GBCD), play a crucial role in LME propagation [8,21]. Figure 4.10 (a)
shows GB angle/axis distributions in the investigated samples. As seen, the a-Fe specimen has
an almost uniform GB angle distribution, in which the majority of the GBs were HAGBs and
distributed between the <111> and <110> directions. In contrast, the GB angle/axis in the y-Fe
specimen revealed that a significant proportion of GBs (~25%) were X3 coincidence site lattice
(CSL) boundaries with a 60°/<111> misorientation. These boundaries were also evident in the
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misorientation axis distribution, with the axis vectors clustered around the <111> direction.
Figure 4.10 (b) shows the GBCD of the a-Fe and y-Fe samples, whose triple junctions with at
least two CSL boundaries were determined using the MTEX toolbox and are identified by red
circles in the figure. The colored lines in Figure 4.10 (b) indicate the CSL boundaries, while the
black lines indicate random boundaries. The results show that the majority of HAGBs in the y-
Fe sample are CSL boundaries, with a distinct distribution of triple junctions with CSL
boundaries observed in the microstructure. Given that Razmpoosh et al. [21] showed that the
low-X CSL boundaries were resistant to LME in y-Fe steel, and it has been shown that triple
junctions with at least one CSL boundary were effective in suppressing LME crack propagation
[8]. The presence of LME-resistant GBs within the y-Fe microstructure explains the lower
number of cracks observed in this sample. However, the crack propagation rate was much
higher in the y-Fe sample compared to the a-Fe sample, which had a completely random GB
distribution. This observation is somewhat counterintuitive, and as such, further analysis is
required to shed light on the differences in LME crack propagation behavior in these samples.
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Figure 4.9 (a) EDS-Zn and EBSD-IPF and grain boundary misorientation maps at the
vicinity of LME cracks in the (a) a-Fe and (b) y-Fe samples. The high magnification EBSD
maps along with grain boundary misorientation angle have been shown in “Region (I) and

Region (II) for the a-Fe and y-Fe samples (for interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article)
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Figure 4.10 (a) The misorientation angle distribution of the EBSD maps in the vicinity of
LME crack along with grain boundary axis distribution (between 2°-70° misorientation) and
(b) the distribution of coincidence site lattice (CSL) boundaries in the investigated a-Fe and y-
Fe samples; The triple junctions with at least two CSL boundaries are identified by red circles
in the EBSD maps (for interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article)

It is well known that the segregation of alloying elements at the GB directly influences GB
decohesion, which consequently, affects the LME crack propagation behavior [79,91]. To
analyze the segregation of alloying elements near Zn-penetrated GBs of the a-Fe specimen, the
TEM-EDS and EELS analyses were performed on three regions of the LME crack tip as shown
in the HAADF micrograph in Figure 4.11. According to the EDS analysis, Zn penetrated along
the GB where local depletion of Cr had already occurred. Further confirmation can be obtained
by the EELS analysis presented in "EELS-1” and "EELS-2" in Figure 4.11, where Zn
penetration was clearly observed only in the regions of the GB where Cr and Mn had depleted.
This observation is consistent with results presented in Ref. [91], in which we showed that
liquid metal penetration could only be observed in regions with a high degree of Cr depletion.

The TEM and EELS analysis at the LME crack tip in the y-Fe specimen has been shown in
Figure 4.12. It is evident that in the Zn-penetrated area, severe depletion of Cr and Mn can be
observed along the crack boundaries. The results also showed that Ni segregated adjacent to the
edge of the LME crack in the y-Fe sample which was not observed in the a-Fe sample, most
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likely due to the relatively higher Ni-content of the y-Fe alloy. A similar observation was made
by Razmpoosh et al. [21,79], who found that Cr had a greater tendency to segregate to the
random GBs in the y-Fe sample compared to the LME-resistant GBs, facilitating the flow of
liquid Zn penetration into the bulk microstructure. Razmpoosh et al. [79] used atom probe
tomography (APT) analysis in three representative grain boundary types; (i) Zn-penetrated GB,
(if) random boundary without Zn penetration, and (iii) CSL boundary to show that severe
depletion of Cr, Ni, and Cu occurred at the Zn-penetrated grain boundary, whereas only Cr was
segregated at the random boundary. In addition, no segregation of alloying elements was
observed at the CSL boundary. The authors stated that severe Cr-segregation along with co-
segregation of other alloying elements at random boundaries compromised the cohesive
strength of the grain boundaries, resulting in grain boundary fractures before Zn penetration
[79].
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Figure 4.11 HAADF micrographs along with EDS and EELS elemental distribution maps
of the LME crack tip in the a-Fe specimen; Three different regions of the LME crack tip were
selected for the elemental distribution analysis. Maps for Region (I) were acquired by EDS
analysis, while maps for Regions (11) and (I11) were acquired by EELS analysis maps (for
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article)
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500 nm

Figure 4.12 HAADF micrographs along with EDS and EELS elemental distribution maps
of the LME crack tip in the y-Fe specimen, showing the segregation of Cr, Mn, and Ni along
the grain boundary (for interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article)

Cr depletion at the GBs is considered to be one of the mechanisms leading to various types
of intergranular cracking, including stress corrosion cracking [125-127], and hydrogen
embrittlement [128]. It is widely accepted that Cr depletion occurs primarily by precipitation
of Cr-carbides at elevated temperatures, which results in a Cr-depleted zone along the GBs
[129-131]. Recent research by Hu et al. [132] proposed a new mechanism for Cr depletion in
which Cr atoms segregated extensively at GBs (along with co-segregation of other solute
atoms) without any precipitation of Cr-carbides. Razmpoosh et al. [79] observed a similar
behavior and showed that Cr-depletion and co-segregation of other elements, such as Ni and
Cu, occurred before LME crack propagation, which led to GB decohesion, serving as the
precondition necessary for LME to occur. It appears that co-segregation of the alloying
elements makes the GB more susceptible to fracture, which eventually results in GB cracking,
allowing liquid Zn to be infiltrated into the fracture area. Although the EELS analysis clearly
indicated that Cr depletion occurred in both ferritic and austenitic specimens, the degree of Cr
depletion cannot be directly compared. The degree of Cr depletion strongly depends on
temperature, GB characteristics, and GB chemistry [133,134]. However, it is difficult to
perform a quantitative and accurate analysis of the segregation of alloying elements in the Fe-
Zn system using EELS. This is mainly due to the difficulty in preparing ultra-thin specimens
for high-end TEM analysis by FIB technique because Fe and Zn have different sputtering rates
[135]. It is nevertheless possible to study the effects of alloying elements on the embrittlement
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of GB using thermodynamic calculations. In light of this, Gibson and Schuh [136] developed a
quantitative model to assess the impact of the solute fraction on GB cohesive energy for a wide
range of binary systems. According to this model, the GB is embrittled when the breaking of
bonds across the GB becomes more energetically favorable to the blunting mechanisms (i.e.,
dislocation emission). The authors [136] developed a quantitative model to assess the impact
of the solute fraction on GB cohesive energy for a wide range of binary systems. For GB
decohesion, the energetic barrier is the GB cohesive energy (E;pc) defined by Equation 4.1
[136]:

Egpc = ESurface — Egp Equation 4.1

Where Egyrrqce and Egp are the internal surface and GB energies, respectively. A change
in the GB cohesive energy can be calculated based on the difference between the cohesive
energies of the alloyed and pure states [136]:

All .
AEgpc = Egpe” — Efnee Equation 4.2

The Gibson-Schuh model [136] provides comprehensive thermodynamic information
describing the embrittling process of a binary alloy such that the AE;g. > 0 indicates a net

increase in decohesion resistance, while the AE;g- < 0 indicates a tendency for embrittlement.

According to this model, change in cohesive energy (AEégg” ) due to the presence of a solute

(i.e., B) atthe GB of a given matrix (i.e., A) can be obtained using Equation 4.3 [136]:

1 Ztgp .
AEgpe” = 5Xgp/3[¥E — ¥ — 0 Xee (1~ Xap)was Equation 4.3

Where X5 is the GB fraction of the solute, y, is the surface energy, t;p is the thickness of
the GB, 2 is the atomic volume and w g is GB interaction energy which can be calculated by
the following set of equations [136]:

v 0 Equation 4.4 (a)

Angg =z (1 - E) [wb — W — s (v — Vspe)]
w v Equation 4.4 (b
Angg = AEElastic + E (Vszn - ysFe) (1 - E) quation ( )
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AH™* = zw, Equation 4.4 (c)

Where the AH, Y is dilute heat of GB segregation, AH™ is dilute heat of mixing, w), is the
bulk interaction energy, AEg;.s:ic 1S the elastic energy and v is the transitional bond fraction
and will be taken as 0.5 for numerical calculations [137]. A detailed mathematical description
of this model can be found in Ref. [136]. In order to quantify the changes in GB cohesion of

the Fe matrix due to the presence of different solute atoms (e.g., Cr, Mn, Si, Ti, etc.), the

normalized GB cohesive energy (Eé‘élgy JEERTe) was calculated based on the thermodynamic

data presented in Ref. [136]. Figure 4.13 shows the plots of Ejne” /ELYTe as a function of
surface energy ratio of the solute (e.g., Cr, Mn, Si, etc.) to the matrix (i.e., Fe) based on the
chemical compositions of o-Fe and y-Fe samples. For the binary couples with
(Eg‘;lgy/Eggge) < 1, the solute atoms result in the embrittlement of the GB. Moreover, binary
systems containing a greater amount of cohesive alloying elements (i.e., (yS°tte/yke) > 1)
are less likely to result in a decrease in GB cohesive energy [136]. In the case of y-Fe specimen,
the presence of Mn and Si can lead to GB embrittlement. This is consistent with the literature
as experimental results indicated that the susceptibility to Zn-induced LME cracking
significantly increases with increasing Si content [45,102,103]. Furthermore, Cr and Ni rarely
cause embrittlement in the y-Fe matrix. Accordingly, depletion of GB from these elements may
lead to cracking and mass transfer of liquid metal to GB, as observed previously in the literature
[79]. In the case of an a-Fe specimen, the Si can cause GB embrittlement similar to its effect in
the y-Fe specimen. As the Mn content in the a-Fe specimen is lower, this element does not
appear to cause embrittlement in the a-Fe matrix. Moreover, alloying elements such as Nb and
Ti do not contribute to GB embrittlement. It has been recently shown that the presence of the
Nb atom can enhance the GB cohesion of the Fe-matrix [138].
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Figure 4.13 The normalized grain boundary cohesive energy upon alloying versus the ratio
of surface energies of the major alloying elements in the chemical composition of the a-Fe
and y-Fe steels (e.g., Cr, Mn, Ni, Nb, Si, and Ti) and Fe-matrix.

4.5 Discussion

4.5.1 LME crack propagation mechanism

The morphology of LME-induced fracture surfaces is a significant indicator of the crack
propagation mechanism [54]. Generally, the LME-induced fracture surfaces are characterized
in two main ways [84]: (i) fracture surfaces that have shallow dimples, extensive slip lines, and
intergranular cracks, (ii) fracture surfaces with no evidence of plastic deformation, containing
mostly intergranular cracks. The primary explanation for the difference in fracture morphology
originates from several proposed hypotheses that aim to explain the mechanism leading to LME
crack propagation: (i) adsorption-induced dislocation emission (AIDE) [84], (ii) strain-
activated chemisorption of liquid-metal atoms (commonly known as the Stoloff-Johnson-
Westwood-Kamdar (SJWK) model [67,68]), and (iii) stress-assisted GB diffusion [78]. The
AIDE model accounts for the presence of dimples on the LME-induced fracture surfaces during
LME crack propagation. In this model, it is assumed that the interatomic bond strength around
the crack tip is reduced due to the adsorption of liquid metal by which dislocations are emitted
at the crack tip, leading to crack propagation governed by localized plasticity and void
formation [66,84]. The SJIWK model assumes that liquid metal at the crack tip weakens the
interatomic bond strength of the GB. This results in the breakage of the bond and the mass
transport of the liquid metal to the crack tip [67,68]. In this regard, the fracture surface is
characterized by the presence of intergranular cracks and the absence of dimples. The stress-
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assisted GB diffusion model postulates that liquid metal atoms diffuse into substrate GBs,
leading to micro-crack formation [78]. The presence of this micro-crack along the exposed GB
triggers the mass transfer of liquid metal into the GB through the crack tip which results in rapid
intergranular crack propagation leading to catastrophic failure. According to this model, the
associated LME-induced fracture surface consists of intergranular cracks without plastic
deformation.

The fractography analysis in Figure 4.7 and Figure 4.8 clearly showed that intergranular
cracking was the dominant feature of the fracture surfaces in both a-Fe (albeit only in the brittle
zone) and y-Fe samples. The fracture surface analysis did not reveal any evidence of slip lines
or plastic deformation. ECCI analysis was conducted at the LME crack tip of the y-Fe specimen
to gain a better understanding of the LME crack propagation mechanism, as shown in Figure
4.14. ECCI provides a quantitative analysis of dislocation activities and nanoscale
microstructural features such as deformation twins with a wide field of view [139]. As can be
seen from the ECCI, there are no dislocations observed at the LME crack tip. In fact, the results
showed that LME had only propagated along random boundaries and no LME was observed
along twin boundaries. Additionally, EBSD analysis at the crack tip (Figure 4.14 (b)) showed
no plastic deformation in the vicinity of the LME crack in both a-Fe and y-Fe samples. Figure
4.14 (c) also shows TEM micrographs from the LME cracks tip of a-Fe and y-Fe specimens,
showing no evidence of dislocation activity in the vicinity of the LME crack, which is in
complete agreement with previous studies [21,65]. Based on these observations, it can be
concluded that LME crack propagation is associated with brittle intergranular cracking without
any plastic deformation.
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Figure 4.14 (a) ECCI of the LME crack tip the in the y-Fe specimen, indicating no
evidence of plastic deformation and dislocation during the propagation of the crack, (b) high
magnification grain reference orientation deviation (GROD) and grain orientation spread
(GOS) maps at the vicinity LME crack, and (c) HRTEM analysis at the LME crack tip in a-Fe
and y-Fe specimen.

On the other hand, GB chemistry analysis revealed severe segregation of alloying elements,
which makes the GB region more susceptible to LME cracking. This resulted in the decohesion
of the GB followed by the formation of the LME crack, and the penetration of liquid Zn into
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the fractured area. As a result of the segregation of alloying elements prior to the liquid
penetration, it can be concluded that it is most likely that LME crack propagation occurs by the
GB diffusion mechanism. The results also indicate that despite the presence of LME-resistant
GB features in the y-Fe microstructure, such as the distribution of the CSL boundaries and triple
junctions with at least one CSL boundary, the austenitic microstructure had a significantly
higher LME crack propagation rate compared to the ferritic sample. Since GB diffusion is the
most likely cause of LME in the Fe-Zn couple, the higher LME crack propagation rate in the
austenitic sample can be explained by the difference between the diffusivity of Zn in austenitic
and ferritic GBs. It is well known that the Zn GB diffusivity in austenite is much higher
compared to ferrite [65], which, according to the GB diffusion theory of LME, would lead to a
much higher crack propagation rate in y-Fe when compared to the a-Fe substrate.

It is important to note that GB diffusion by itself cannot be considered to be the only
mechanism for determining crack propagation rate. If one assumed that the LME crack
propagation rate was v .4k = 0.1 cm/s [140] (which can be reached up to m/s according to
Ref. [55]) and the Zn grain boundary diffusivity was assumed as Dz = 10~8 cm? /s (which
has been calculated as Dggp = 7.51 X 1078 cm?/s at 725 °C in a-Fe [117]), the length of the
LME crack would be calculated as L = D¢p /Verger = 1073 um. Evidently, the value for the
calculated LME crack length is significantly smaller compared to the average LME crack length
observed in previous studies [22,91] and the results reported here, i.e., ~160 um for a-Fe and
~400 um for the y-Fe. Consequently, it becomes important to also consider the role of stress
in assisting GB diffusion that leads to LME. It has been shown that the external stress applied
to the GB plane can add a thermodynamic driving force to the diffusion process [80]. It was
shown by DiGiovanni et al. [89] that increasing the degree of external stress enhanced the
penetration of Zn atoms along the GB. As shown in Figure 4.2, the stress at which failure
occurred was different for the Zn-coated a-Fe and y-Fe samples. For the a-Fe specimen, the
failure occurred at approximately 50 MPa, whereas for the y-Fe specimen, it occurred at around
100 MPa. The difference in peak load during the HTT confirms that the y-Fe sample was more
resistant to LME crack initiation allowing the substrate to withstand a higher load. However,
the application of this higher load during the deformation process resulted in higher GB
diffusion whereby facilitating the crack propagation rate associated with LME. As a result of
these observations, it can be concluded that the stress-assisted GB model can be considered as
the underlying mechanism for the LME crack propagation in both ferritic and austenitic steels.

4.5.2 LME crack susceptibility in ferritic and austenitic steels

According to the results presented in this study, there is a clear distinction between LME-
induced crack susceptibility of ferritic and austenitic microstructures as shown schematically
in Figure 4.15. Subjecting the samples to high-temperature tensile test results in the melting of
Zn and its subsequent penetration through the GBs based on the stress-assisted GB diffusion
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mechanism. In the case of the a-Fe, numerous LME cracks formed on the Zn-coated side of the
specimen, but the rate of crack propagation through the microstructure was very low as
confirmed by the shallow depth of the cracks observed in the micrographs. During tensile
deformation, the Zn-coated side showed LME cracks with very shallow penetration through the
microstructure while a high degree of ductile (i.e., plastic) deformation was observed along the
uncoated side that was unaffected by LME cracks. This resulted in a hybrid failure of the sample
that involved LME-induced intergranular failure on the Zn-coated side that led to shallow LME
cracks and ductile failure on the uncoated side where LME played no role during deformation.
In comparison to the a-Fe specimen, very few LME cracks were observed at the surface of the
v-Fe specimen during the HTT, but the relative size and depth of each crack showed that the
rate of crack propagation through the austenitic microstructure was extremely rapid. As a result
of the high crack propagation rate observed in the y-Fe, the entire sample displayed LME-
induced catastrophic intergranular failure, without any signs of plastic deformation. In terms of
a quantitative measure of LME cracking, it is evident that the a-Fe sample is more susceptible
to LME crack initiation (i.e., the average number of cracks per sample). In contrast, the y-Fe
microstructure had a much lower number of LME cracks, but a significantly higher rate of LME
crack propagation. Indeed, based on the results of the failure analysis and fracture morphology
presented in this study, it appears that the austenitic microstructure is more susceptible to LME
than ferrite; however, this does not imply that ferrite is not susceptible to LME, as clearly shown
by the results. The numerous LME cracks that formed on the coated side of the ferritic samples
may adversely affect the mechanical properties under special loading conditions (e.g., fatigue,
etc.) that have not been explored in the existing literature. Further research is required to gain
a thorough understanding of the role of LME cracks on a broad spectrum of mechanical
properties of ferritic steels.
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Figure 4.15 Schematic illustration of the LME crack susceptibility in two initial ferritic (a-
Fe) and austenitic (y-Fe) microstructures. Initially, ferritic and austenitic samples are
subjected to high-temperature tensile deformation by which LME cracks are formed and
propagate through the microstructure. Numerous LME cracks were formed in the a-Fe
microstructure with a low crack propagation rate, resulting in a hybrid failure mechanism
involving both LME-induced intergranular failure on the Zn-coated side and ductile failure on
the uncoated side. The y-Fe specimen showed only a few LME cracks, but their propagation
rate was extremely rapid, resulting in a dominant intergranular failure caused by LME.

4.6 Summary

This chapter provided a detailed analysis of the Zn-induced LME cracking behavior in fully
ferritic and austenitic microstructures to gain insight into the role that the initial microstructure
plays in LME crack susceptibility and failure mechanism. Additionally, the results of this study
contributed insight into the undefined term "LME susceptibility,” and resolve the existing
debate in the literature regarding the role of the initial microstructure on the severity of the LME
cracking in the Fe-Zn system. A comprehensive analysis of the LME-induced fracture surfaces
and LME crack morphology revealed that stress-induced grain boundary diffusion was the most
probable underlying mechanism for LME-induced crack propagation in both ferritic and
austenitic microstructures. The results showed that the ferritic microstructure has a higher
sensitivity to LME crack initiation (i.e., LME crack number); however, the austenitic specimen
displays a significantly higher LME crack propagation rate. Eventually, different LME cracking
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behaviors lead to the occurrence of distinctive failure mechanisms, which can be used to
evaluate the susceptibility to LME cracks in these initial structures. Despite the austenitic
microstructure appearing to be more susceptible to LME cracking, this does not mean that LME
is not a problematic issue in the ferritic microstructure. Given that the ferritic microstructure is
highly sensitive to the LME cracking number, the impact of LME on the other loading
conditions on this microstructure should be thoroughly examined.
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Chapter 5 : High-temperature phase evolution of the ZnAlMg coating and
its effect on mitigating liquid-metal-embrittlement cracking!

5.1 Overview

Ternary zinc-aluminum-magnesium (ZnAlMg) alloy coatings are the focus of significant
attention in the automotive and steel industries due to several advantages over traditional Zn-
based coatings. Currently, the literature on this type of coating is limited and focuses mainly on
their corrosion resistance and room temperature tensile properties. To assess the relevance of
ZnAlMg coatings in current manufacturing processes such as hot stamping and welding of
advanced high strength steels (AHSS), it is essential to understand their high-temperature
performance, particularly their resistance to liquid metal embrittlement (LME) cracking. This
study showed that the ZnAIMg coating had complete resistance to LME cracking at a
temperature of about 900 °C, which is traditionally recognized as the temperature at which the
highest levels of LME susceptibility are observed in the different families of AHSS. Elemental
distribution analysis confirmed that due to an increase in the testing temperature, the lamellar
eutectic microstructure of the coating dissolved into the Zn-matrix, with the constituent
elements, Al and Mg, segregating towards the steel substrate and the coating surface,
respectively. This led to the in-situ formation of a uniform a-Fe(Zn, Al) layer at the steel/coating
interface which prevented the direct contact of liquid metal with the steel substrate, resulting in
complete suppression of LME at high temperature. Numerical calculations of interdiffusion
flux were used to investigate the diffusion behavior of the elements of interest at the interface
which indicated that the a-Fe(Zn, Al) layer formed due to the high diffusion rate of Al towards
the Fe substrate at 900 °C. The effectiveness of the a-Fe(Zn, Al) layer in mitigating LME was
evaluated by calculating the work of adhesion, which showed that this layer preserved its
integrity under an applied tensile load, successfully mitigating the initiation of LME. The
findings of this study offer valuable insights into developing new avenues for advancing LME
resistant coatings by utilizing ternary Zn-based alloy systems.

5.2 Background

Recent developments in ternary ZnAlMg coatings applied to advanced high strength steels
have shown that they offer enhanced, cutting-edge corrosion resistance properties compared to
conventional Zn coatings [141-144]. Depending on the alloy composition, ZnAlMg coatings
contain binary and ternary eutectic phases comprising n-Zn lamella, o-Al clusters, and
intermetallic compounds such as MgZn, and Mg2Zn11 [145,146]. However, the complex

! This chapter consists of the published manuscript in Acta Materialia, Ali Ghatei-Kalashami, M. Shehryar
Khan, Mok-Young Lee, and Y. Norman Zhou, Vol. 229, 2022.
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microstructural morphology has been shown to adversely affect the mechanical properties of
the coatings, specifically their room temperature cracking resistance [147].

Despite the corrosion protection of Zn-based alloy coatings, liquid-metal-embrittlement
(LME) cracking during high-temperature manufacturing processes such as hot-stamping [25—
28], and resistance spot welding (RSW) [14,22,45,53] is a well-known problematic issue. LME
occurs when an embrittler (aggressive liquid metal, such as Zn) penetrates the grain boundary
network, leading to rapid brittle failure [10,79-81]. LME is a temperature-dependent
phenomenon [78]. The impact of temperature on LME is evaluated by the "ductility trough™
[22,56-58], which states that the severest reduction in tensile elongation occurs at a specific
temperature range (i.e., 700-940 °C for most families of the Fe/Zn system [56—
58,65,86,98]). Additionally, the severity of LME increases with increasing temperature, with
900 °C being recognized as the most critical temperature with the highest level of LME
susceptibility [22,47,56,57].

The Fe-Zn reaction at high temperatures results in the formation of multi-component systems
consisting of several phases and intermetallic compounds (IMCs) [23,148], which can have a
significant impact on LME crack severity, depending on their melting temperature, and
mechanical properties [92,149]. It is believed that the formation of IMCs with a relatively
higher Fe-content (leading to a higher peritectic temperature) reduces the exposure of the Fe-
substrate to liquid Zn, which in turn minimizes the susceptibility to LME [58]. In light of this,
several attempts have been made to suppress LME by using low heating rates [86], prolonged
holding times [25,42,98], and slow strain rates [58]. The suppression of LME under these
conditions is believed to be due to diffusion of Fe towards the Zn-layer and the formation of
IMCs such as I'1- Fe5Zn»1, I'-FesZnio. However, these layers can be broken into small particles
under the application of tensile stress at high temperatures (i.e., temperatures above 800 °C),
minimizing the effectiveness of the inhibition layer in suppressing LME [25]. Furthermore, it
is worthy to note that most hot-working processes (e.g. hot-stamping or RSW) involve extreme
conditions such as high heating and strain rates [89], which implies that using slow heating and
strain rates to suppress LME cannot be effective or practically relevant in an industrial
environment. As such, there is a need to develop LME-resistant coatings that can form effective
inhibition layers at the coating/steel interface under extreme hot-working conditions.

In light of that, an investigation of the phase evolution and LME crack susceptibility of
ternary ZnAlMg coatings at high-temperature (e.g. 700-900 °C) is a step in the right direction
because the literature on this subject is deficient. Consequently, this sui generis study provides
a systematic analysis of the phase evolution of the ZnAlMg coating at elevated temperatures to
examine its LME cracking behavior. The results showed that there was a correlation between
the coating phase evolution and the LME crack severity such that by increasing the hot tensile
testing (HTT) temperature, the susceptibility to LME cracking was significantly decreased
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which defies the established convention. This study holds an extremely high relevance to the
ongoing debate on LME crack susceptibility of Zn-coated steels as it provides a new
pathway for advancing the state-of-the-art in LME resistant Zn-based coatings using ternary
alloy systems in hot-working applications.

5.3 Materials and methods
5.3.1 As-received material and Hot tensile testing

The as-received material was Zn (97wt.%)-Al(1.5wt.%)-Mg (1.5wt.%) coated interstitial
free (IF) steel with a sheet thickness of 1.5 mm. High-temperature uniaxial tensile tests (aka hot
tensile tests) were carried out using a Gleeble 3500 thermomechanical simulator machine under
standard atmospheric conditions. Copper (Cu)-grips were used to hold the tensile samples at
high temperatures and the temperature of the samples was controlled by the K-type
thermocouple welded at the center of the samples. Force, displacement, and temperature were
recorded using a 1 ms frequency during high-temperature tensile (HTT). The HTT samples
were cut into a dog-bone shape using the ProtoMax Abrasive Waterjet Cutter. HTT was
conducted on bare and ZnAlIMg coated samples under the same processing parameters and the
tensile curves of the ZnAlMg coated samples were compared to the bare samples to quantify
LME severity. In the case of the bare samples, the ZnAlIMg coating on the as-received samples
was completely removed by submerging them in a solution of 50% hydrochloric acid and 50%
water for 20 s. For the preparation of the ZnAlIMg coated tensile test samples, the gauge area
of the coated samples was covered on one side with M-masking tape (S-6540) and the coating
was stripped from all the other surfaces except for the gauge area on the side where the masking
tape was applied. This prevented the coating from sticking to the Cu-grips and the
thermocouples during HTT. The samples were subsequently cleaned with isopropanol and dried
using an air knife with the gauge area having a fully intact coating after the masking tape was
peeled off. Five individual samples in the coated and uncoated conditions were heated to the
target temperature of 700, 800, and 900 °C, respectively, at a heating rate of 1000 °C/s. The
samples were held at the target temperature for 0.5s before being undergoing tensile loading at
a constant crosshead speed of 10 mm/s until failure. The strain was measured using the "L-
Gauge" technique which utilizes a jaw-to-jaw transducer to measure the length change of the
specimen. The built-in Quiksim software that the Gleeble 3500 comes equipped with converted
the load-displacement data directly to stress-strain data using the predefined geometry of the
tensile coupons. The testing parameters for HTT were chosen to replicate the most severe
thermomechanical conditions experienced in Fe/Zn LME [89].

5.3.2 Materials Characterization
Microstructural characterization was conducted by field emission scanning electron

microscope (FE-SEM, JSM7001F), energy-dispersive spectroscopy (EDS), and electron
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backscatter diffraction (EBSD) methods. The EBSD samples were prepared using a
conventional sample preparation technique with a final vibratory polishing step. A high-speed
Hikari charge-coupled device (CCD) camera was used for pattern acquisition at 0.7 pm step
size and orientation imaging microscopy (OIM) analysis software was used for analyzing the
EBSD results. To characterize the concentration of alloying elements across the ZnAlMg coated
samples, time-of-flight secondary ion mass spectroscopy (ToF-SIMS) technique was used. The
ToF-SIMS depth profiling was performed in the standard spectroscopy mode in an ION-ToF-
SIMS V instrument using a 30 keV Bis* primary ion beam with an area of 150umx150pum. The
sputtering ion was Cs at 1kV rastered over 300umx300um. A transmission electron microscope
(TEM) was used for detailed characterization of the coating evolution and the formation of
different IMC phases at different testing conditions. TEM foils were prepared via focused ion
beam (FIB) using an FEI VERSA 3D with 30 keV Ga ions until the appropriate sample
thickness was achieved. Scanning transmission electron microscopy (STEM) micrographs were
captured using Hitachi HF5000 operating at 200 keV. The Keyence VK-X250K confocal laser
scanning microscope (CLSM) was used to characterize the differences in morphology and
roughness of the fracture surfaces.

5.3.3 Analysis of interdiffusion flux

A numerical model was set up to calculate interdiffusion flux in the laboratory-fixed frame
for unidimensional diffusion based on the model that was initially proposed by Dayananda
[150]. In this model, the interdiffusion flux (J;) for a multi-element system consisting of n
elements and n-1 independent concentration gradient can be expressed by [150]:
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Where |sthe independent concentration gradient and D" is interdiffusion coefficient. For

a ternary system (i.e., n = 3), the interdiffusion flux of the independent components “7”, <27,
and “3” can be expressed as [151]:
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h+l+]3=0 Equation 5.2 (c)

For the given ternary systems, four interdiffusion coefficients D3, D3,, D3, and D3, were
calculated. The interdiffusion flux of each component was determined as a function of distance
(X™) away from the concentration profile based on the following equation [151]:
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where C(;;1y and C(;_q) refer to the terminal alloy compositions, Y, refers to the location of

the Matano plane and t is the diffusion time [152]. Further details about the model can be found
elsewhere [150,151].

5.4 Results

5.4.1 The impact of LME on mechanical properties

Figure 5.1 (a) shows the representative engineering stress-strain curves at 700, 800, and 900
°C for the bare and ZnAlMg coated samples. The coated samples were observed to have a
significant loss in ductility at 700 °C and 800 °C compared to the bare samples. In contrast,
HTT at 900 °C did not reveal any significant difference in the mechanical properties of the bare
and coated samples. The ductility loss of the samples was plotted as a function of temperature,
as shown in Figure 5.1 (b). It was observed that as the testing temperature was increased, the
ductility loss decreased from about 80% at 700 °C to less than 5% at 900 °C. The results shown
in Figure 5.1 make it clear that the ZnAlMg coating had a significant role to play in the brittle
failure of the coated samples at 700 °C and 800 °C. This indicated that the susceptibility to
LME cracking in ZnAIMg coated steels decreased with increasing temperature. This finding is
quite remarkable because in traditional Zn-based coated steels, the susceptibility to LME
cracking generally increases significantly with increasing temperature, regardless of other
HTT parameters such as strain rate [58], heating rate [86], or holding time [98].
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Figure 5.1 (a) Engineering stress-strain curves of the bare and ZnAIMg coated steels
during HTTs at 700 °C, 800 °C, and 900 °C, (b) ductility loss the samples as a function of
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Figure 5.2 displays SEM micrographs of the longitudinal cross-sections of the fractured
samples. The coated samples tested at 700 °C and 800 °C showed no reduction in the cross-
sectional area prior to failure, which is a clear indication that the samples failed due to
catastrophic brittle fracture. Moreover, a high propensity of LME cracks was detected in the
vicinity of the fractured area for the samples tested at 700 °C and 800 °C, further confirming
that the failure was the result of LME-induced cracking. By contrast, necking was clearly visible
in the longitudinal cross-sectional SEM image of the specimen tested at 900 °C, showing that
this specimen failed by ductile fracture. There is no evidence of LME cracks at the fracture
surface at this testing temperature clearly indicating the resistance of the coating to LME crack
formation and propagation at this temperature. Figure 5.3 depicts EDS/EBSD analysis of the
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LME cracks of the samples tested at 700 °C and 800 °C. It was observed that Zn and Al
infiltrated the steel along the grain boundaries, leading to the formation of LME cracks. There
was no Mg observed at the location of the LME cracks, as shown in the EDS map in Figure 5.3.
The inverse-pole figures (IPF) and phase maps (PM) for both temperatures indicate a single-
phase BCC microstructure in the vicinity of the LME cracks. The EBSD maps showed that the
propagation of LME cracks happened through the high angle grain boundaries for both testing
temperatures, similar to what has been reported in the literature [21].

EBSD region

700 C
Brittle fracture

II

800 C

LME cracks i .
EBSD region i

| EE

900 C

200 um . ‘ 20
il : T8\

Figure 5.2 SEM micrographs of the cross-section of ZnAlMg coated specimen after HTT
at 700 °C, 800 °C, and 900 °C (the right-side SEM images show magnified regions labeled as
(D, (1), and (I11), the blue rectangles in the SEM micrographs of 700 °C, 800 °C samples
show the region for EBSD analysis)
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Figure 5.3 EDS elemental maps of Zn, Al, and Mg elements, along with EBSD inverse-
pole figure (IPF) and phase map (PM) specimen after HTT at 700 °C and 800 °C.

The role of LME cracking on the failure behavior of the samples tested at different
temperatures was further investigated using SEM micrographs of the fracture surface, as shown
in Figure 5.4. The micrographs of the fracture surfaces showed two distinct regions: the bare
surface and the coated surface as illustrated by EDS analysis (regions (1)-(V) in Figure 5.4).
Failure began with intergranular LME cracking from the coated side, leading to sudden fracture
for the samples tested at 700 °C and 800 °C. The fracture surfaces were characterized by clear
signs of intergranular cracking, which is known to be the predominant fracture mechanism in
LME-induced failure samples rather than the so-called “quasi-cleavage” fracture mode [153].
The fracture surface of the specimen tested at 900 °C exhibited dimples, indicating that the
failure occurred by ductile fracture mechanism through void nucleation, void growth, and void
coalescence. The fractured samples were further characterized by CLSM technique as shown
in Figure 5.4 (b). Samples tested at 700 °C and 800 °C showed evidence of concave and convex
macroscopic contours clearly indicating a catastrophically damaged fracture surface. On the
other hand, dimples were observed at the center of the fracture surface of the specimen tested
at 900 °C with a macroscopic morphology clearly resembling a ductile fracture surface.
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Figure 5.4 (a) SEM micrographs along with EDS analysis of the fracture surfaces of the
ZnAlMg coated samples after HTT at 700 °C, 800 °C, and 900 °C, (b) the representative
confocal laser scanning microscope (CLSM) images of the fracture surfaces by of the
ZnAIMg coated samples.

5.4.2 High-temperature phase evolution

SEM micrographs along with the EDS analysis of the as-received ZnAlMg coating are
shown in Figure 5.5 (a). The ZnAlMg coating was observed to be a heterogeneous layer that
consisted of globular n-Zn grains with binary and ternary zones. The binary eutectic has been
reported to be a lamellar structure made up of n-Zn and the intermetallic Laves phase (binary
eutectic: n-Zn/MgZny), whilst the ternary eutectic consists of primary n-Zn, a-Al, and an
intermetallic phase (ternary eutectic: n-Zn/MgZnz/a-Al) [144,154]. The composition of each
phase presented in Figure 5.5 is shown in Table 5.1. ToF-SIMS analysis was carried out as
shown in Figure 5.5 (b), to observe the three-dimensional (3D) distribution of elements
throughout the coating. Zn™ was uniformly distributed across the thickness of the coating as
shown in the two-dimensional (2D) and 3D images. The Al* and Mg* elements, on the other
hand, had an inhomogeneous distribution across the thickness of the coating. The 2D and 3D
images showed that Al* and Mg* were distributed in the coating as lamellar structures, linked
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to the binary and ternary eutectic structures that have been previously reported in the literature
[144,154].

Ternary eutectic

Zn-Al-Mg coating Pure Zn

Steel substrate

0 um

10 pm

Revion I 2
Reeion 1l

Figure 5.5 (a) SEM micrograph along with EDS analysis of the as-received ZnAlMg
coating (The microstructure of the coating consists of three regions: globular zinc grains (pure
Zn), binary eutectic, and ternary eutectic structures), (b) The positive ion ToF-SIMS analysis
of Zn™, Al*, Mg*, and Fe™ elements in the as-received coating (The coding scale showing the
distribution of elements at the surface and through the thickness of the coating in 2D and 3D
images, respectively).

Table 5.1 Composition of phases present within ZnAIMg as-received coating obtained using

EDS analysis.
Region Zn (wWt.%) Al (wt.%) Mg (Wt.%) Fe (wt.%)
Globular grains 100.00 - - -
Binary eutectic 89.6x£1.9 4.8+1.1 5.5+0.9 -
Ternary eutectic 87.5+1.2 5.4+0.8 5.310.2 1.7+¢1.5

The microstructure of the coating at 700 °C is shown in Figure 5.6. As can be seen in the
SEM micrographs (Figure 5.6 (a)), the coating displayed similar morphological features to the
as-received coating, with globular n-Zn grains sandwiching a relatively coarser eutectic
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structure. The ToF-SIMS analysis (Figure 5.6 (b)) showed a change in the distribution of Al*
and Mg" compared to the as-received state: Al* tended to segregate towards the substrate
interface and Mg* segregated towards the surface of the coating, while the Fe™ present in the
coating segregated towards the surface of the coating. The STEM images with the
corresponding EDS elemental maps of the eutectic structure are shown in Figure 5.6 (c). The
EDS data for the different regions have been summarized in Table 5.2. The elemental maps
showed that the eutectic structure was composed of alternative layers of Zn and Mg, while Al
was located at the interface between the two layers. As shown in Figure 5.6 (c), a thin and
discontinuous layer of Fe-Al (see region (1)) was clearly visible at the interfacial region between
the substrate and the coating, shown by the red arrow.

Figure 5.7 shows the corresponding selected area diffraction (SAD) patterns of the different
regions of the coating at 700 °C. The SAD pattern isolated from Region (1) showed two types

of diffraction spots in which the strong spots corresponded to a-Al//[112] and the faint spots
were indexed as the Fe>Als phase. In the presence of a small amount of Al (~0.2 wt%), an
extremely thin layer of Fe>Als can be formed between the steel substrate and the coating that
delays the formation of Fe—Zn phases at the substrate interface [155-157]. The SAD pattern
from n-Zn and Mg (Regions (I1) and (I11) in Figure 5.7, respectively) confirmed the presence
ofn-Zn and Mg grains in the eutectic structure. It was also confirmed that the C14 Laves phase
(hexagonal, MgZn,) was present in the eutectic structure (Region (1V)), which is known to form
during cooling at non-equilibrium conditions [154], and this phase has been observed in
previous studies in typical industrial ZnAlMg coatings [145,146,154]. It is worth noting that
ZnAlMg alloys are known to show a strong sensitivity to cooling rate on microstructural
transformation because undercooling causes preferential nucleation of MgZn; over Mg2Zni1 in
metastable solidification [158].
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Figure 5.6 (a) SEM micrograph of the sample after HTTing at 700 °C, (b) the
corresponding ToF-SIMS analysis of Zn*, Al*, Mg*, and Fe* elements in the coating sample,
and (c) STEM image along with EDS elemental analysis of the ZnAlMg coated (Region |
shows bright-field STEM (BF-STEM) micrograph of the Fe-Al layer)
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Figure 5.7 High magnification bright-field STEM (BF-STEM) images and corresponding
selected area diffraction (SAD) patterns at different regions of the eutectic structure for the
sample deformed at 700 °C.
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Table 5.2 Composition of various areas of the sample test at 700 °C obtained using EDS
analysis (see Figure 5.6 (c) for the location of each point)

Region Zn (wt.%) Al (wt.%) Mg (wt.%) Fe (wt.%)
1 98.75 0.2 0.08 0.98
2 90.88 1.35 7.43 0.33
3 98.03 0.42 1.03 0.53
4 98.53 0.64 0.30 0.53
5 87.70 0.73 10.17 0.73
6 91.51 0.87 571 1.91
7 0.00 0.07 0.06 99.87

The SEM micrographs of the coating at 800 °C are shown in Figure 5.8 (a), revealing the
presence of pure Zn grains, eutectic structures, and a darker ribbon-like feature forming at the
interfacial area (shown as Region | in Figure 5.8 (a)). The ToF-SIMS analysis, shown in Figure
5.8 (b), indicated that Al* segregation increased towards the steel substrate, while Mg*
continued to segregate towards the coating surface. Additionally, it was evident that the ribbon-
like feature was formed by Zn-Al-Fe elements at the interface. The TEM and EDS analyses of
the sample at 800 °C have been shown in Figure 5.8 (c) and Table 5.3, respectively. In contrast
to the sample tested at 700 °C, the STEM/EDS analysis indicated that a uniform inhibition layer
had developed between the coating and steel interface. High magnification STEM images of
the Fe-Al inhibition layer, as well as the Mg/Zn lamellas, are also shown in Figure 5.8 (c). In
two regions of the inhibition layer (regions (I) and (Il)), the SAD patterns confirmed the
presence of the FeAl phase at the interfacial region between the coating and steel. This
phase has a simple cubic (B2-type) crystal structure and can be present in the microstructure
through the decomposition of FesAlg IMC (FesAlg — FeAl, + FeAl) [159]. Additionally, the
SAD pattern obtained from the eutectic phase showed two sets of points, with the indexed

planes confirming Mg,Zn,; along the [233] zone axis. Compared to the analysis of the coating
at 700 °C it was clear that the metastable MgZn; had transformed into the stable Mg2>Zn1; at the
elevated temperature.
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Figure 5.8 (a) SEM micrograph of the sample after HTTing at 800 °C, (b) the
corresponding 2D and 3D ToF-SIMS analysis of Zn*, Al*, Mg*, and Fe* elements in the
coating sample, and (¢) STEM micrographs and EDS elemental analysis and corresponding
selected area diffraction (SAD) patterns at different regions of the coating near the fracture
surface.
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Table 5.3 Composition of various areas of the sample test at 800 °C obtained using EDS
analysis (see Figure 5.8 (c), Region (I) for the location of each point)

Region Zn (wt.%) Al (wt.%) Mg (wt.%) Fe (wt.%)
1 35.87 2.79 0.04 61.29
2 85.62 0.31 0.07 13.99
3 91.89 0.50 1.21 6.40
4 94.70 0.00 1.78 3.53

Figure 5.9 (a) shows the SEM micrographs of the coating at 900 °C. The eutectic structure
that was observed in the coating at 700 °C and 800 °C had completely coalesced and dissolved
into the bulk structure of the coating at 900 °C. The microstructure of the coating contained
dark, spherical grains (composed of Zn, Al, and Fe, as determined by EDS analysis) dispersed
throughout the Zn matrix. Most importantly, an inhibition layer containing Fe, Zn, and Al was
observed at the interfacial area between the coating and the steel substrate. As observed by ToF-
SIMS analysis (Figure 5.9 (b)), the interfacial region contained a significantly higher
concentration of Fe® in the coating compared to what was observed at the previous
temperatures. Additionally, the highest concentration of Al* had segregated towards the
coating/steel interface while Mg* was highly concentrated towards the coating surface. The
coating at 900 °C was analyzed using TEM, as shown in Figure 5.9 (c). In contrast to the
previous testing temperatures, no eutectic phase was observed in the coating at this testing
temperature, confirming that the lamellar eutectic structure dissolved into the coating matrix
with the Mg and Al elements segregating towards the coating surface and the interfacial layer,
respectively. The microstructure of this sample can be divided into three regions; (i) n-Zn, (ii)
a-Fe, and (iii) Fe-Zn-Al interfacial area. EDS-point analysis of the different regions of the
coating has been summarized in Table 5.4.

Table 5.4 Composition of various areas of the sample test at 900 °C obtained using EDS
analysis (see Figure 5.9 for the location of each point)

Region Zn (Wt.%) Al (wt.%) Mg (Wwt.%) Fe (wt.%)
1 0.00 0.00 0.00 100

2 6.7 0.11 0.04 93.15

3 16.24 0.20 0.00 83.57

4 73.83 0.16 0.00 26.00

5 2.28 0.08 0.00 97.63

6 26.29 0.67 0.00 73.04
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Figure 5.9 (a) SEM micrographs of the sample after HTTing at 900 °C, (b) ToF-SIMS
analysis of Zn*, Al*, Mg*, and Fe* elements by 2D and 3D images, and (c) dark-field STEM
(DF-STEM) and Bright-field STEM (DF-STEM) images along with EDS elemental analysis

of the ZnAlMg
The SAD patterns isolated from the regions of interest from within the coating have been
shown in Figure 5.10. The SAD pattern acquired from Region (1) confirms the presence of the

a-Fe(Zn, Al) phase. The a-Fe phase has been observed in Fe-Al and Fe-Zn binary systems with

a cubic (Im3m) lattice structure [160]. It has previously been shown in the literature that the o-
Fe(Zn) layer can form during HTT by diffusion of Zn into Fe-substrates under extremely low
strain rates (0.01 s) [58] and prolonged holding times (20 minutes at 850 °C) [25]. However,
the a-Fe(Zn, Al) layer observed in the present study has been formed at an exceedingly high
heating rate (i.e., 1000 °C/s), high strain rate (i.e., 10 mm/s crosshead speed), and extremely
short holding time (i.e., 0.5 s). The formation of the a-Fe(Zn, Al) phase in ZnAlMg coated
steels at temperatures exceeding 850 °C, is a direct consequence of the severe segregation of
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Al towards the Fe-substrate. The SAD pattern from the magnified area in Region (1) shows two
distinct spots as shown in Figure 5.10 (Region (I1)). The strong diffraction spots were indexed
as a-Fe(Zn, Al) phase, similar to that observed in Region (I) Figure 5.10. The faint spots
(identified by red arrows) are nano-sized precipitates that show an orientation relationship with
the a-Fe(Zn, Al). On the other hand, Region Ill was acquired from the spherical dark grains
which were dispersed in the n-Zn matrix (see SEM images in Figure 5.9), which were identified

as the FesZngzAls phase, which possesses the y'-brass structure with the space group F43m
[161].
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Figure 5.10 High magnification bright-field STEM (BF-STEM) images and corresponding
selected area diffraction (SAD) patterns at different regions of the ZnAlMg coated sample
after HTTing at 900 °C.
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5.5 Discussions

It is known that direct contact between liquid metal and steel grain boundaries is essential
for initiating LME because diffusion through the liquid phase occurs much more rapidly than
it does in the solid-state [78,84,162]. Accordingly, the coating/steel interfacial region plays a
critical role in defining the severity of LME cracking. It is well understood that the interfacial
phase between the coating and substrate should generally possess two specific characteristics
to act as an effective inhibition layer that prevents direct contact between liquid metal and the
substrate. First, the interfacial phase should possess a high melting point, and second, it should
maintain its integrity under the application of tensile stress. Figure 5.11 presents a schematic
illustration of the microstructural evolution during HTT along with the interfacial reactions that
lead to the formation of LME cracks at various temperatures. Upon solidification at 700 °C, a
thin and irregular Al/Fe>Alis layer was formed at the coating/steel interface. When the
temperature was increased to 800 °C, a uniform AlFe layer was identified at the interfacial area
instead. Finally, it was observed that the eutectic structure of the coating completely dissolved
into the Zn-matrix and was replaced by a composite structure consisting of FesZnszAls particles
embedded in the Zn matrix following solidification at 900 °C, with the formation of a coherent
interfacial a-Fe(Zn, Al) layer between the substrate and coating.

From the results presented in this work, it is clear that the thin and uneven a-Al/Fe2Als layer
that formed at 700 °C did not provide an effective inhibition layer which could prevent the
direct contact of liquid metal with the steel substrate. Furthermore, the LME results confirmed
that the FeAl layer that formed at 800 °C had better performance than the a-Al/Fe>Als layer in
mitigating LME but it was unable to withstand the hot tensile testing conditions at this
temperature, resulting in the Fe substrate being exposed to the liquid metal leading to LME.
However, the presence of the uniform a-Fe(Zn, Al) inhibition layer at the interface of the
coating and substrate at 900 °C completely prevented contact between the liquid metal and the
underlying steel, leading to complete suppression of LME. Additionally, the presence of
dispersed FegZngzAls particles with a significantly higher melting temperature kept the a-Fe(Al,
Zn) layer intact during tensile loading, effectively preventing the liquid Zn from coming into
contact with the steel substrate. It is pertinent to note that the previously reported a-Fe(Zn) layer
was formed by the bulk diffusion of Zn in Fe, triggered by extremely slow heating rates,
prolonged holding times, and slow strain rates, resulting in a layer that could not prevent LME
at high temperatures and was broken into small particles under the application of a tensile load
[86]. The newly observed a-Fe(Zn, Al) inhibition layer, analyzed as part of this study, was a
solid solution of Al and Zn in the Fe-substrate, which acted as a highly effective barrier between
the molten Zn and the steel substrate, significantly minimizing the risk of LME at elevated
temperatures during extreme hot-working conditions.

92



Binary eutectic (Zn\MgZn,) Zn grains
)

Ternary eutectic
(Zn\MgZn,\Al)

As-received

ZnAlMg LME behaviour

Fe-substrate

ZnAIMg phase evolution

e
& &
3 =
§ ~
<<
|
o]
&
(]
o
o0
Fe-substrate
)
TI; P a-Fe (Al, Zn) layer
e 7 S/ QO
‘:‘? FegZng;Aly|
= a-Fe (Al, Zn) layer < g
Fe-substrate

Figure 5.11 Schematic representation of the evolution of the coating's microstructure at
various hot-tensile temperatures and its impact on LME crack formation; Images on the left
demonstrate the high-temperature phase evolution of the ZnAlMg coating, while images on
the right illustrate the effect of various inhibition layers on the formation of LME cracks. In
the case of the a-Fe(Zn, Al) inhibition layer, direct contact has been prevented between the

liquid Zn and the Fe-substrate. This has resulted in the complete mitigation of LME at 900 °C.

The role of interfacial layers between the coating and substrate on their respective potential
for reducing LME was analyzed using thermodynamics and adhesion. The interdiffusion fluxes
in the ternary ZnAlFe system were calculated with Fe as the dependent component (c.f.
Equation 5.3). Figure 5.12 shows the concentration profiles and the calculated diffusion fluxes
for the temperatures of interest. The interdiffusion flux of Zn was positive, while it was negative
for the Fe at all temperatures, implying that the overall diffusion path in this system goes from
the Zn-coating towards the Fe-substrate, due to the concentration gradient of these elements. In

the case of Al, however, the interdiffusion flux had positive and negative values in either
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direction of the thermodynamic gradient. During the transition from negative to positive values,
the interdiffusion flux went through a zero value (i.e., region of zero flux), commonly referred
to as a zero-flux plane (ZFP) [152,163,164]. The ZFP indicates that the flux of one component
can be zero and it can change directions at different locations due to thermodynamic and kinetic
interactions with other components [150]. Effectively, the idea of the ZFP shows that an
element in a multi-element alloy system can inter-diffuse in either direction up to its
thermodynamic gradient [164]. As shown in Figure 5.12, the value of the interdiffusion flux
for Al is low in both the negative and positive directions at 700 °C. However, at 800 °C, the
values of interdiffusion fluxes in both directions of the ZFP are higher than at 700 °C, indicating
that Al has a greater tendency to diffuse along its thermodynamic gradient at this temperature.
These results are consistent with the ToF-SIMS analysis (Figure 5.8), which clearly showed
that Al segregated toward the surface of the coating as well as towards the Fe substrate. At 900
°C, the value for the negative interdiffusion flux of Al was less than the positive value,
indicating that interdiffusion occurred predominantly towards the Fe-substrate. Thus, the higher
interdiffusion rate of the Al component towards the Fe substrate contributed to the formation
of the a-Fe(Zn, Al) interfacial phase. Using the information obtained directly from the ZFP
compositions, the ratio of interdiffusion coefficient can be calculated. Since the interdiffusion
flux was zero at the ZFP, Equation 5.3 can be written as follows [165]:

3 o 0Cyn  ~p. OCy .
Ja = _D/fona_x” — f&zﬁ =0 Equation 5.4 (a)
aC Die

=2 Equation 5.4 (b)
0Ca ZFP Dpia;

The slope of the interdiffusion path at the ZFP point yields the ratio of the interdiffusion
coefficients, which was determined as -1.79 and -5.8 for 700°C and 800°C, respectively.
Those values indicate that the interdiffusion coefficient of Di%,, is larger in magnitude, but
opposite in sign compared to the main coefficient D5¢,,. This showed that the interdiffusion of
Al in the positive direction along a Zn gradient is strongly favored, whereas the Al flow down
the Zn gradient is considerably reduced. This results in the development of regions showing a
change in the sign of J,;, as shown in Figure 5.12.

On the other hand, diffusion is not the only factor that affects LME, as the adhesion of the
interfacial layer under applied tension stress must also be considered. The adhesion of different
IMC phases to the steel substrate at the coating/steel interface is one of the most important
factors controlling the mechanical degradation of the coating during deformation [156,166].
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The adhesive energy between the Zn-coating and the Fe-substrate can be determined by using
the work of adhesion (W,4) [156,166]:

Waa = V4 +VE —Vis Equation 5.5

Where y3 and y5 are the surface energy of the coating (A) and substrate (B), respectively.
The yi_g is the interfacial energy between A and B and the surface energy is defined as
[156,166]:

m m-1 m I
s S .S S rS A, in ) .
Vay.Am = Z Ca,va, — Z Z CAiCAj—2/3 Equation 5.6
i=1 i=1 j=i+1 Col{4i

where C/fi is the surface fraction of the atom A4;, AH},i in 4 is the enthalpy change upon the

solution of one mole of 4; in 4;, V; is the volume fraction of element i and C, is a constant that
relates the atomic volume to the atomic surface area in an atomic cell. For a given A-B interface,
the enthalpy change can be defined as [166]:
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Where ¢ is the electronegativity and ny, is electron density. A negative enthalpy change
indicates that an alloy AB is formed, while a positive enthalpy change indicates that the
formation of alloy AB is unfavorable [166]. The value of AH},,  for Al and Zn in Fe are
—79 kJ/mol and —13 kJ/mol, respectively [167]. Consequently, when Al and Zn are
incorporated into an Fe-substrate, interfacial energy (y}i_p) decreases, which ultimately
increases the work of adhesion between Al/Fe and Zn/Fe interfaces (c.f. Equation 5.5). On the
contrary, the value of AHains' for Mg in Fe is +54 kJ /mol, indicating that Mg decreases the
surface energy while generating positive interaction energy, whereby decreasing the work of
adhesion. The results of this analysis were entirely consistent with the elemental distribution
analysis shown by ToF-SIMS results, where it was observed that as the temperature was
increased, Al showed a strong tendency to segregate towards the Fe substrate whereas Mg
tended to segregate towards the surface of the coating.

Using Equation 5.4 and Equation 5.5 and the associated EDS data, the value of W, was
calculated to assess the effectiveness of the interfacial layers for LME crack suppression at
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different temperatures. For the Fe-substrate with a-Al/Al.Fes, FeAl, and a-Fe(Zn, Al), the Wy,
values were calculated to be 4.62 J/m?, 5.73 J/m? and 7.70 J /m?, respectively. Song et al.
[166] indicated that the coating will delaminate from the substrate if the energy release rate (G)
was greater than the fracture energy at the interface (I'). The interfacial fracture energy for a
metallic coating system includes two types of energies: elastic energy, I'e, and the plastic
energy, I'p, (i.e. ' =T+ I'p), with I'e representing the energy required to create free surfaces in
both materials without any plastic deformation, which can be equal to Wagd, such that
I =Wag + . Since it is well known that the plasticity of the steel substrate (/%) is greater than
that of the brittle IMC layer forming at the interface it can be said that the W, determines the
fracture energy between the interfacial layer and the steel substrate. As shown clearly by the
calculations, the a-Fe(Zn, Al) layer had the highest W,,; value compared to other interfacial
layers. Consequently, it can be concluded that this layer was the most effective in preventing
the direct contact between liquid metal from the coating with the steel substrate during hot
working conditions because it has the highest tendency to remain intact when exposed to
elevated temperatures and stress conditions.
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Figure 5.12 Composition profiles and calculated interdiffusion fluxes mass of Zn at
different hot-tensile testing temperatures; (a) 700 °C, (b) 800 °C, and (c) 900 °C (ZFP refers to
as zero-flux plane)
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5.6 Summary

The present study provides a comprehensive analysis of the phase evolution of ZnAlMg
coated steel at elevated temperatures to investigate the LME cracking behavior of the coating.
Although the ZnAlMg coating was highly susceptible to LME cracking at 700 °C, the coating
offered extremely high resistance to LME cracking at 900 °C, which is traditionally recognized
to be the most critical temperature for LME susceptibility for the Fe-Zn couple. This significant
reduction of LME susceptibility was due to the unique phase evolution of the ZnAIMg coating
at high temperatures. The findings of this work highlight the importance of protective Zn-based
coatings that have a tendency to produce effective inhibition layers at the coating/steel interface
at high temperatures which assist in greatly diminishing the severity of LME in automotive
steels. By investigating the reasons behind the strong resistance to LME-induced cracking in
ZnAlMg coated steels at high temperature, the study provides an effective roadmap that can be
used in the future design and production of Zn-based coatings that are LME resistant.
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Chapter 6 : Discussion on the correlation between the crack mechanism and
crack susceptibility?

6.1 Overview

This chapter aims to establish a correlation between all the points covered in the preceding
chapters to explore the application of the proposed model to study LME cracking during
resistance spot welding (RSW), which is one of the most widely used welding technologies for
joining advanced high-strength steels in the automotive industry. This chapter also provides a
detailed description of the underlying mechanism of LME to explain the role of certain
metallurgical characteristics of steel substrates in determining the susceptibility to LME
cracking.

6.2 Study LME cracking in ferritic and austenitic steels during RSW process
6.2.1 Background and experimental procedure

This section presents a systematic analysis of the LME cracking behavior of fully ferritic
and fully austenitic microstructures under the same thermomechanical conditions during the
RSW process. The as-received materials were electro-galvanized 439-type (0.03C-1.00Mn-
1.00Si-0.20Ti-(17-19)Cr (wt.%)) and 304-type (0.08C-2.00Mn-0.75Si-(8-12)Ni-(18-20)Cr
(wt.%)) stainless steels with a nominal thickness of 1.0+0.1 mm. Samples were subjected to a
thermomechanical cycle of RSW using an electrode force of 4 kN, welding time of 250 ms, and
holding time of 167 ms. Cu-Cr dome radius type electrodes with a 6 mm tip diameter with a
constant cooling water rate of 6 L min~t. Microstructural characterization was conducted by
scanning electron microscope (SEM, JSM7001F), energy-dispersive spectroscopy (EDS), and
electron backscatter diffraction (EBSD) methods. A high-speed Hikari CCD camera was used
for pattern acquisition at 0.1 um step size. A transmission electron microscope (TEM) equipped
with an electron energy loss spectroscopy (EELS) analytical facility was used for further LME
crack characterization. TEM samples were prepared via focused ion beam (FIB) with an
NVision 40 from Zeiss with 30 keV Ga ions. High-angle annular dark-field (HAADF)
micrographs were captured using an FEI Titan 80-300HB operating at 300 keV.

6.2.2 Results and discussions

Figure 6.1 (a) depicts EBSD micrographs of the as-received steels. The image quality (IQ)
map shows that the fraction of low-angle (red lines) and high-angle (blue lines) grain boundaries
(GB) in Fe-BCC is approximately 24% and 76%, respectively. Furthermore, most of the GB
(i.e. 96 %) present in the Fe-FCC sample are high-angle of which 51% of them are characterized

! This chapter (Section 6.2) consists of the published manuscript in Materials Letters, Ali Ghatei-Kalashami,
Ehsan Ghassemali, Chris DiGiovanni, Frank Goodwin and Norman Y. Zhou, Vol. 324, 2022.
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as ). 3:< 111 > 60° boundaries (green lines). Inverse pole figure (IPF) maps show single
ferritic and austenitic phases with an average grain size of 21.1(£10.2) um and 7.73(%5.27) um,
respectively. The EBSD maps in the vicinity of LME cracks (Figure 6.1 (b)) show that LME
cracks have propagated along high-angle GB in both microstructures. Moreover, the crack has
not propagated between the }; 3 boundaries, similar to what has been reported in the literature
[79]. Figure 6.1 (c) provides a qualitative LME crack analysis in terms of the average crack
number and average crack length. The Fe-BCC specimen has a higher crack number, whereas
the Fe-FCC sample has a much longer average crack length. As described in the previous
chapters, LME cracking occurs in two distinct stages: (i) crack initiation and (ii) crack
propagation. Upon initiation stage, embrittler atoms diffuse into GB, decreasing GB cohesion
and leading to LME crack formation. At this stage, the average number of LME cracks can
represent the severity of crack initiation. Once the crack is formed and liquid Zn flows into the
crack, embrittler atoms transport from the crack tip to the GB, where the LME crack spreads
rapidly throughout the entire GB network. Accordingly, the average LME crack length can be
used as an indication of the LME crack propagation rate. According to Figure 6.1 (c), the Fe-
BCC specimen exhibited higher severity to crack initiation and a lower crack propagation rate
than that of the Fe-FCC specimen. The results are completely consistent with those presented
in Chapter 4.

Fe-BCC Fe-FCC
Initial microstructure
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Figure 6.1 (a) EBSD maps of the as-received ferritic (Fe-BCC) and austenitic (Fe-FCC)
steels, (b) EBSD maps in the vicinity of LME cracks, and (c) comparison in average LME
crack number and LME crack length in investigated ferritic and austenitic steels under the

same thermomechanical cycle
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The dissimilar joint configuration (ferritic/austenitic) was studied to determine whether the
crack propagation path is influenced by ferritic or austenitic microstructures. Figure 6.2 depicts
the EBSD and EDS-Zn maps of the Fe-BCC/Fe-FCC interfacial area. While cracks are present
on both sides, the crack on the Fe-FCC side is much longer than that of the Fe-BCC side.
Additionally, the EBSD phase map shows the presence of a fully ferritic structure (green
regions) within the LME crack at the Fe-FCC side. The EBSD-IPF and the corresponding EDS-
Zn maps confirm the Fe-BCC structure is the a-ferrite (a-Fe(Zn)) layer inside of the Fe-FCC
side. Since Zn is a strong ferrite stabilizer, its diffusion into austenite GB results in the austenite-
to-ferrite transformation [26]. It was shown that the Zn bulk diffusivity in Fe-BCC is higher
than that in Fe-FCC [26,65], hence, the austenite to ferrite transformation accelerates the rate
of Zn diffusion and facilitates crack propagation rate.

Figure 6.2 EBSD-IPF and the corresponding EDS-Zn maps of the interfacial area in
ferritic/austenitic dissimilar joint
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To characterize elemental distribution along LME crack in Fe-BCC steel, HAADF imaging,
and EELS analysis were conducted as depicted in Figure 6.3. It is seen that the Zn penetration
is only observed in regions with Cr-depletion and that no penetration of Zn can be detected in
the area containing Cr (white arrows in Figure 6.3). It can also be observed that Ti is completely
segregated on the edge of GB, while Ni is completely dissolved into Zn.

200 nm

Titanium

200 nm 200 nm 100 nm 100 nm
N

Titanium Chromium ; Nickel

A

200 nm 2000 A A 100 nm
— N ’ ] —

Figure 6.3 (a) SEM micrograph and corresponding EBSD-IPF map in the vicinity of LME
crack in Fe-BCC, (b) The FIB in-plane sample, and (c) TEM micrograph and corresponding
EELS maps of Zn-penetrated boundary

The results showed that the ferritic specimen was more prone to LME crack initiation with
a much higher frequency of smaller cracks observed in the sample. The austenitic
microstructure had fewer cracks with a significantly higher LME crack propagation rate
resulting in a much larger crack size. The results correspond perfectly with the results observed
during the high temperature tensile test (i.e., Chapter 4) where it was shown that ferritic
specimen was more sensitive to LME cracks initiation (i.e., the number of LME cracks);
however, austenitic specimens exhibited a significantly higher rate of LME crack propagation.

6.3 Relationship between LME mechanism and susceptibility factors

In light of the results presented in previous chapters, Figure 6.4 summarizes the micro-scale
events that occur during the initiation and propagation of LME cracks. Numerical modeling and
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TEM analysis (Chapter 3) showed that the interdiffusion of Zn-embrittler atoms at grain
boundaries resulted in the formation of a stress-induced diffusion wedge (SIDW) at the exposed
tip of the grain boundary. The SIDW generated a sinusoidal stress field perpendicular to the
length of the grain boundary whose magnitude and amplitude were dependent on time and
temperature. The formation of the SIDW provided the thermodynamic driving force needed to
trigger a critical degree of diffusion of the Zn-embrittler atoms, resulting in the subsequent
melting of the SIDW. The wedge-induced stress field caused an expansion in the size of the
wedge which eventually led to the initiation of LME. Following crack initiation, Zn atoms
diffused from the crack tip to the grain boundary network based on the stress-assisted grain
boundary diffusion mechanism (Chapter 4). Furthermore, the segregation of alloying elements
such as Cr at grain boundaries, along with the co-segregation of other alloying elements, made
the grain boundary region more susceptible to cracking and contributed to LME crack
propagation.

LME-crack initiation
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Figure 6.4 Schematic illustration of microscale events during liquid metal embrittlement
crack initiation and propagation.

The results presented in this study show that the proposed model can be used as an effective
tool to predict the impact of factors such as grain boundary diffusivity, stress, and temperature
on LME crack susceptibility which can help mitigate LME-related issues in mass production
applications. Based on the model presented in this study, it is evident that by increasing the
grain boundary diffusivity of Zn, the susceptibility to LME cracking in the Fe-Zn couple
increases. As shown in Figure 6.5, decreasing D;;/DZ} (by increasing DJ}') or increasing
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temperature can result in the generation of a high tensile stress applied to the grain boundary
plane which would eventually increase the likelihood of an LME crack event. Therefore, the
occurrence of LME cracking during the RSW process in the investigated austenitic and ferritic
specimens can be effectively explained by the proposed mechanism in this study. Indeed, the
austenitic microstructure has a higher grain boundary diffusion coefficient of Zn than the ferritic
microstructure [7,28,65], resulting in a higher crack propagation rate in this sample compared
to the ferritic specimen. Additionally, the austenitic microstructure has a higher thermal
expansion coefficient (TEC) compared to the ferritic specimen [168], which leads to a
generation of higher tensile stresses during the RSW process after non-equilibrium cooling,
which ultimately contributed to an increase in the likelihood of LME crack formation. The
results clearly showed that the effect of the contributing factors on the LME crack susceptibility
predicted by the model was highly consistent with observations made under different
thermomechanical conditions, including the high temperature tensile test (i.e., Chapter 4) and
the RSW process (i.e., Chapter 6).
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Figure 6.5 The calculated maximum tensile stress acting on the grain boundary plane with
respect to the grain boundary coefficient ratio (6 = Dgg /DgZ}}) for a common Fe-based for
different temperatures ranging from 500K to 900K (Copied from Figure 3.3 (¢)).

This study also contributed to explaining the contradictory results regarding the influence of
initial microstructure on LME cracking. Considering the low LME-induced crack propagation
rate within ferrite (due to the lower grain boundary diffusion coefficient of Zn compared with
austenite), a fully ferritic decarburization layer may be an effective method of reducing LME.
In the presence of aggressive thermomechanical conditions during RSW, however, numerous
cracks may propagate rapidly, resulting in increased LME susceptibility as shown in this section
and as discussed in Chapter 2 and Chapter 4 regarding the possibility of LME occurring in the

103



decarburization layer [45]. Furthermore, the diffusion nature of the LME cracking phenomenon
and the Fe-Zn reaction at high temperatures can be an effective method to develop strategies
for mitigating LME at high temperatures. According to the results presented in Chapter 5, the
segregation of alloying elements in the Zn coating can result in the formation of the a-Fe (Al,
Zn) layer which effectively prevented the direct contact between liquid metal and Fe substrate,
thus preventing the formation of the LME cracks.
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Chapter 7 : Conclusions and potential areas of future research

7.1 Conclusions

The present study provided new insight into the precursor events leading to liquid metal
embrittlement (LME) cracking in the Fe-Zn system. In addition, the study provided a systematic
analysis of the LME crack propagation path in two ferritic and austenitic microstructures and
established a correlation between the underlying mechanism of LME crack propagation and the
influence of metallurgical factors such as initial microstructure, grain boundary characteristics,
and grain boundary chemistry on the severity of LME cracking. Lastly, this thesis provided a
detailed investigation into the LME cracking behavior of the ZnAlIMg coating and provided a
roadmap that can be used in the future to design and produce ZnAIMg coatings that are resistant
to LME cracking. Based on a thorough understanding of the LME mechanism and factors
affecting its susceptibility, this study examined effective solutions to mitigate LME cracking in
the Fe-Zn system. The following conclusions can be made from the present study:

(1) The results presented in Chapter 4 showed that the LME crack initiation happens through
the stress-assited grain boundary diffusion mechanism. The diffusion of Zn atoms along the
grain boundaries of the Fe-substrate led to the formation of a stress-induced diffusion wedge
(SIDW) along the grain boundary. The formation of the SIDW generated a sinusoidal
distribution stress field perpendicular to the grain boundary plane. Atomic-scale analysis of the
early stages of LME formation showed that the interface between the Zn-penetration layer and
the Fe-substrate exhibited curvature and the penetration layer appeared to have a clear wedge-
shaped profile along the grain boundary. The results of numerical simulations and the
experimental observations revealed that LME initiation entails several steps, including (i) solid-
state grain boundary diffusion, (ii) formation of the SIDW, (iii) eventual melting of the SIDW,
and (iv) opening of the liquid wedge due to interdiffusion and the application of externally
applied stresses.

(2) A comprehensive analysis of the LME-induced fracture surfaces and LME crack
morphology revealed that stress-induced grain boundary diffusion was the most probable
underlying mechanism for LME crack propagation in both ferritic and austenitic
microstructures. Additionally, the results showed that both Zn-coated ferritic and austenitic
microstructures were found to be sensitive to the formation of LME cracking. The ferritic
microstructure was more prone to LME crack initiation with a relatively low LME crack
propagation rate. The austenitic microstructure was resistant to crack initiation but had a
significantly higher LME crack propagation rate. The failure analysis revealed that the ferritic
specimen exhibited a hybrid failure mechanism with a ductile fracture mode from one side and
LME-induced failure from the Zn-coated side. The austenitic specimen displayed a completely
brittle failure mode, as a result of LME-induced cracking. It was found that the depletion and
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co-segregation of alloying elements such as Cr, Mn, and Ni result in a decrease in grain
boundary cohesive energy and lead to LME crack propagation. The results obtained in this
study resolved contradictions regarding the role of initial microstructure on LME cracking and
also defined a new perspective for the term "LME susceptibility” in the iron-zinc (Fe-Zn)
system. The results also provided a new pathway for advancing LME-resistant materials using
microstructural modification techniques.

(3) The present study evaluated the LME crack susceptibility of ZnAIMg coated steel and
established a correlation between high-temperature phase evolution and the LME cracking
severity. The results revealed that the susceptibility to LME cracking in ZnAlMg coating
decreased with increasing high temperature testing temperature. The microstructure near the
fracture surface of the sample tested at 700 °C revealed a non-uniform and thin layer of a-
Al/AloFes layer at the interface between steel and coating. Due to the absence of a coherent
inhibition layer at the coating/steel interface, severe LME cracking was observed at this testing
temperature, which resulted in a loss of ductility in the sample. In the samples tested at 800 °C,
a uniform and thin layer of FeAl was observed that provided some resistance to LME. However,
despite the improved resistance to LME cracking at 800 °C compared to 700 °C, LME cracking
occurred due to the ease with which the FeAl layer broke down under the application of the
tensile load. Finally, the LME behavior of the coating at 900 °C showed that a uniform a-Fe(Zn,
Al) layer was developed at the interfacial area which successfully mitigated the LME problem
by inhibiting the direct contact of liquid metal with the steel substrate, which represented a
novel observation that contributes to the body of knowledge regarding LME mitigation
strategies.

7.2 Potential areas of future research

(1) While the present study provided a detailed understanding of the micro-scale events
involved in LME crack formation, further research is necessary to shed light on the atomic-
scale events involved in the initiation and propagation of LME cracks. However, due to the
extremely rapid nature of LME cracking in the Fe-Zn system and the presence of intermetallic
compounds within the cracks and interfacial region, it is exceedingly complicated to detect and
characterize the atomic scale events occurring during crack initiation and propagation. It is
therefore possible to use molecular dynamics (MD) simulations and density functional theory
(DFT) calculations in conjunction with empirical analysis to investigate the underlying
mechanisms of the occurrence of LME cracks in the Fe-Zn system. While the LME crack
formation mechanism and the impact of alloying elements on the susceptibility of the grain
boundary to embrittlement phenomenon have been notably investigated by DFT calculations
[55,169,170], further investigation should be conducted, particularly with MD simulations, in
order to better comprehend the atomistic mechanisms of LME cracking in Fe-Zn.
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(2) Alloying elements such as B, Mn, V, Nb, etc. play an influential role in the microstructure
and mechanical properties of steel substrates. Despite this, the impact of these alloying elements
on the susceptibility to LME cracking is not adequately addressed in the literature. The
clarification of this issue is critical since LME occurs at high temperatures in the Fe-Zn system,
which implies that the segregation of alloying elements like B at grain boundaries can affect
the alloy's susceptibility to intergranular cracking and zinc penetration. Consequently, a
systematic study is required to investigate the impact of alloying elements on microstructural
characteristics, mechanical properties, and their consequent effects on the severity of LME
cracking. Advanced characterization techniques such as TEM-EELS and APT analysis are
required to investigate the role of alloying elements on grain boundary cohesion/decohesion
behavior.

(3) According to the results of this study, ternary ZnAlMg coating systems are capable of
mitigating LME cracking at high temperatures. However, the effect of alloying elements of the
Zn coating (e.g., Al, Mg, etc.) on LME cracking behavior at different temperatures has not been
well investigated. A comprehensive investigation in this area can assist in developing a Zn-
based coating that exhibits excellent corrosion behavior and is resistant to LME cracking under
a wide variety of thermomechanical conditions.

(4) Recently, anovel approach known as “grain boundary segregation engineering (GBSE)”
has been employed for the manipulation of internal interfaces of metallic materials to improve
the materials’ mechanical response to intergranular cracking. Grain boundary segregation is
characterized by the inhomogeneous distribution of solute atoms between the grain boundaries
and/or phase boundaries [171]. In this approach, the alloy is subjected to a diffusion heat
treatment at temperatures below Ac, for different annealing times ranging from a few minutes
to several hours. This specific heat treatment procedure leads to severe segregation of Mn to
the grain boundaries and the associated martensite to austenite reverse transformation. This
would lead to the formation of thin austenitic layers between the martensitic laths which might
act as a soft barrier against crack propagation [171]. This manipulation of grain boundary
chemistry can be employed as the mitigation technique to decrease the sensitivity of grain
boundaries to cracking. The technique can be applied particularly in developing third-
generation advanced high strength steels (3G-AHSS) such as medium-Mn TRIP steels or Q&P
steels for the development of materials that are resistant to LME cracking.
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Appendix A

The chemical potential gradient is considered the driving force for governing the grain
boundary diffusion equations.

pt — p® = kTIn o A1)

In the case of applied tensile stress (o), the chemical potential of any atom of volume 2

would be changed as [172]:
pt—pl = kTina' + o A (2)

Considering the activity coefficient, y; = %Where C; is the concentration and substituting

in Eq. A (2):

au; A(3)

5ng au_ 6ng
kT “'dy kT

A4

d
Ci_y (L0 + kTIn (y;C) + a2)

Where Dy, and & are grain boundary (GB) diffusivity and thickness of GB, respectively. It

has been assumed that the activity coefficient and atomic volume do not depend on stress or

concentration, i.e.:
yior 2 + f(C;,0) # f(x,t) A (5)

Differentiating the second part in the bracket of the right-hand side of Eg. A (4) gives the
following equation:

ou; 1 0¢; do
dy C; oy dy
diny;

Where n; = (1 + 2InC,

) is the thermodynamic factor [173]. Therefore, the flux equation in

the presence of tensile stress can be described by the following equation:

aC;, Dgp o A (7)

]l 57]1 gb ay kT Cl ay
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Based on the Gibbs-Duhem relationship, the thermodynamic factor for both chemical

species is the same [173]:

Nre = Nzn =1 A (8)

The thermodynamic factor is different in each binary system and depends on the
composition and temperature. It is known that n > 1 for systems with a negative heat of mixing
and n < 1 for the ones with positive heat mixing. The n can be calculated using thermodynamic
data. For simplicity, the thermodynamic factor has been taken as a constant equal to 1.0. It
should be noted that this assumption will not affect the concentration profiles [173]. Therefore,
the atomic fluxes along with grain boundary associated with the diffusion of Zn atoms into Fe-

substrate (J,,,) and the diffusion of Fe-atom towards zinc layer (/) can be represented as:

I = _span aCgy  08DGY czn 99 A(9)
in — gb ay kT gb ay

F F
oo = _spre 2605 _ 0808y, 90 A (10)
9% oy kT 9% oy

Where Dj,? and DgF{j are grain boundary diffusivities of Zn and Fe atoms, respectively. In
this model, the dependence of grain boundary diffusivities on pressure (p) and concentration is

neglected, e.g.:

aD(o) _ A (11)
=0
dp
aD(C) _ 0 A (12)
ac

Fick’s second law can be written down as follows:

9G _ 9 A (13)
at oy
aCyp, ., 0°Cyp 08Dy, 9 A (14)

- do\ .
(C;,b—),L = Z7Zn and Fe

T L R O dy
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0Cop _ i 07 ;b+nsugbac;ba_g 08D, . 9%c
ot 9b 9y2 kT dy dy kT 9%ay2 "’
i =Znand Fe

The stress profile along GB, ¢ (y, t), can be represented as:

@ ow(x,t)

o 0 = B [ K () =

0

1 1 2z(y — z)
y—z y+z (y+z)°

U, 2) =

. E
C2m(1—v2)

A (15)

A (16)

A (17)

A (18)

It should be noted that the presence of SIDW with the width of w (%, y) must be considered

in the continuity equation. Therefore, Eq. A (13) is rewritten as:

a¢; 9 Cgba_w

ot ay U oot

A (19)

Where the second term of RHS of Eq. A (19) describes the role of the SIDW dimension on
the diffusion flux. Therefore, Eq. A (15) is written as:

9Cgp _ Znazc;,;lJrnspggac;ga_a 08DF} . 8%
at 9b gy2 kT ~dy dy kT 9% 9y2
_cmI
9b at
9Cq5 _ Feazc;,ermD;gac;ga_a 08Dy . 8%
ot 9b - gy2 kT ~dy dy kT 97 9y2?
_cred™
9b 5t

9] ,
W(xy)>0

Jt

9] ,
W(xy)>0

Jt

A (20)

A (21)

Assuming 7' + CJ5 = 1, Eq. A (21) can be rewritten as the following equations:

g
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9 QSDFe 0 do A (22)
—~ (1 _ rZn . gb Y 0 azn 29
ot (1 Cgb gb a 9,2 (1 kT dy (1 Cgb ) dy
[26D 21— gZ,;*)aza L o ow (v,z)
kT dy? ( gb ot

9Cqy _ 5 FeangZgl_l_QSD foCH ac 08DFg(1— ;gl)azg+aw W A (23)
at 9b - gy2 kT 3y 9y kT dy2 = ot ot 9P

Combining Eg. 19 and Eq. 23 yields the following equation:
ow (y,2) _ 6 Co b (pn _ pre naa ) 0o DZn  pFe) A (24)

ot T ay dy

662
T kT 9y7 2 (OFC + D553

Eq. A (24) illustrates the instantaneous dimension of the extra wedge material. Substituting
Eq. A (24) into Eqg. A (19) yields the following equation:

9Cob' _ (pancrs 4 precy 02653+ﬂ(D£C£§+D£C;§)OC;ﬁ 90 A (25)
9b 7 gy2 kT dy dy
+!2CZ”C g(DZr— DlE) 0%
kT d0y?

124



Appendix B

The finite difference method (FDM) was employed to solve equations 9 (a)-(c). First, C; ;

Is expanded in T direction while X; = iA keeps constant.

29 0°c
2] oT?/. .
—”(57")2 + T‘J(cg'r)3 + .. Eq. (B1)

ac
Ci,j+1 =Ci'j+6T( ) + 2|
i,j '

With neglecting the higher-order terms, Eq. (B1) can be written as:

8C> Cij+1_Cij
= — Eqg. (B2
(7)., 0. (B2)

aT/ ; 8T

Similarly, Taylor’s series is applied for the C; ; in X direction while T; = jA keep constant.

() o*c
ac 0X2), ; 0X2). . Eq. (B3
_ ) 2 i, 3 q. (B3)
Ci_l,j_ci,j—5x(a—x)i,j — L EX)? =L (8X) +
() o
2 0X? Eq. (B4)

Coony = oy + 6% (28) 1204 (sy2 4 27 T gxy3 4
HL T 0X/,; 2! 3!

Combining Eg. (B3) and Eq. (B4) with neglecting higher orders yields the following set of

equations:
Ci—l,j + Ci+1,j - ZCi,j _ (')ZC
(6X)2 “\9xz . Eq. (B5)
Cic1,j — Ciy1,j (36>
—sx _ _ \x y Eq. (B6)

By substituting Egs. (B5) and (B6) into Egs. 9 (a)-(b) the following equations are obtained:

i

oT

= (1- 0)(Cit1 —2C; + Ci_y)

+0.25(1 = 8)(Cias = Cio1)(Sis1 — Sia) + (C; +6(1 Eq. (B7)

= C))(Siv1 — 25 + Si—1)
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% = [(Qci +(1- Ci))(Ci+1 —2C; + Ci—1)]
+ 0.25[(6C; + (1 — C))(Cit1 — Ci=1)(Siz1 — Si—1)] Eq. (BS)

+ [Ci(1 = C)(A = 8)(Siy1 — 25; + Si—1)]

As mentioned by Klinger and Rabkin [81], for solving Eq. 9 (c), the entire intergro-

differentiate equation is discretized using a uniform grid X; = iAx and Y; = iAy as follows:

S; = z [(Wk+1 — W)Fi + 0.5 Wiy — Wi_y)G”
k=#i,i—1 Eq. (B9)

+ (Wiay — Wiy — 2W)G |

The first term of the right-hand side (RHS) of Eq. (B9) is a linear approximation and the
second part of RHS of Eq. (B9) is a parabolic approximation of W;. Therefore, Eq. (B9) can be

rewritten as follows:

Si = Z [(Wk+1 — Wi)Fix + 0.5 (Wi, — Wi—1)Gi(O)
k#i,i—-1 Eq. (B10)

+ Wiy — Wiy — 2W)G|

L |G+k+D(E-kK) 6i 2i2(2k + 2i+ 1)

. _ Eq. (B11
= o Tl TG ke DGR T GHk+ D2+ K)2 9- (B11)
T 1 22(y—2) 2i+1 12
z(y—z i+ i
G = f( —7 y+z 12)3)dZ=ln 2i— 1 42— 1)
Y y y Eq. (B12)
NERU
(4i2 — 1)2
i+1 ) ) 221 )
z(y —z
6 = [ - T
y—z y+z (y+2)
S Eq. (B13)
gAY, 32 32
O T Tz — 1 T @iz - 1)2

Egs. (B7), (B8), (B10-13) were solved by coding in MATLAB.
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