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Preface 

This book is an integrated article thesis, referred to as sandwich thesis, of Mr. Abhishek 

Sarmah. This thesis deals with developing an integrated experimental and numerical 

framework encompassing multiple length scales to investigate the role of AA7075-O 

microstructure on strain localization and damage evolution of the material at large plastic 

strain. The thesis is composed of three research papers, out of which one has been published 

and two have been submitted for  review. Chapter 1 introduces the motivation, investigation 

framework and objectives for the current research. Chapters 2-4 are journal paper 

manuscripts, reprinted in accordance with School of Graduate Studies guidelines. Chapter 

5 summarizes the key findings and suggests future avenues of research stemming from the 

current work. 

The author, Mr. Abhishek Sarmah has also been involved in synchronous side research 

projects on AA7075 that has yielded three journal publications related to behavior of 

AA7075 aluminum sheet but mostly at elevated temperature. The three publications, in 

which he is a co-author, are not included in the thesis but are mentioned below: 

1. Asqardoust, S., Sarmah, A., Jain, M. K., Fazeli, F., Mohammadpour, P., Kamat, R., 

Zurob, H. S., 2023. The effect of solutionizing heat treatment on ductility loss and 

damage evolution in AA7075 aluminum sheet deformed at 450ÁC. Materialia 

101936. https://doi.org/10.1016/j.mtla.2023.101936 

2. Asqardoust, S., Sarmah, A., Jain, M. K., Zurob, H. S., Kamat, R., 2023. Strain 

localization and damage development during elevated temperature deformation of 
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AA7075 Aluminum sheet. Int. J. Plast. 103513. 

https://doi.org/10.1016/j.ijplas.2022.103513 

3. Sun, Q., Asqardoust, S., Sarmah, A., Jain, M. K., 2022. Elastoplastic analysis of 

AA7075-O aluminum sheet by hybrid micro-scale representative volume element 

modeling with really-distributed particles and in-situ SEM experimental testing. J. 

Mater. Sci. Technol. 123, 201ï221. https://doi.org/10.1016/j.jmst.2021.12.068 
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Abstract 

AA7075 is a precipitation hardening structural aluminum alloy, which has garnered 

considerable interest in automotive industry, primarily due its lightweighting capacity 

compared to many other aluminum alloys from 2xxx and 6xxx series. However, the damage 

evolution in AA7075 is quite complex due to the presence of different second phase 

particles in the microstructure and their contribution on damage evolution is largely 

unknown at large plastic strains. The common second phase particles are ɖ precipitates, ɗ 

precipitates and Fe-rich intermetallic particles. The current work presents an extensive 

multiscale numerical framework, which in conjunction with complementary experiments, 

is applied to study strain localization, void nucleation, growth, and coalescence in a particle 

rich matrix.  

Experimentally, void nucleation is observed to be driven by particle decohesion and particle 

fracture. Nanoscale molecular dynamics (MD) simulation is carried out to estimate 

interface properties of the three distinct particle types. The extracted properties are used as 

input for real particle field 2D and 3D microstructure based finite element (FE) models. 

The stochastic nature of particle fracture is described using a Weibull distribution, while 

the effect of grains is incorporated in terms of their Taylor factors. Ductile matrix is 

described using the well known Gurson Tvergaard Needleman (GTN) void damage model. 

Complementary experiments included uniaxial tensile tests carried out in-situ in Scanning 

Electron Microscope (SEM) and X-ray Computed Tomography (XCT), ex-situ high 

resolution XCT and Electron Back Scattered Diffraction (EBSD) tests.  
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The FE models with three distinct particle stoichiometries and three competing damage 

mechanisms, show good agreement with experimental observations. Particle fracture 

marginally dominates particle decohesion. At low plastic strains, void nucleation is initiated 

by  decohesion and fracture of larger Fe-rich particles, which facilitate formation of 

localized deformation bands. At large plastic strain, elevated stresses within the localized 

bands facilitate decohesion and fracture of more resistant ɖ and ɗ precipitates. Due to their 

inherent larger size and more irregular morphology, ɗ precipitates contribute to voiding 

more than ɖ precipitates. Under uniaxial tensile loads, void growth takes place in the middle 

of the specimen, driven by higher triaxiality stress state in the middle, relative to the surface. 

Void coalescence occurs along deformation bands driven by higher stresses due 

accumulated plastic strain within the bands, in a process known as void sheeting. 
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Chapter 1 

Introduction 

1.1 Background and motivation 

Aluminium sheet materials are increasingly being used in the automotive and aerospace 

industries for their high strength to weight ratio and good corrosion resistance. So far, 

AA5xxx, AA6xxx and AA2xxx have been the most widely used aluminium alloy series for 

forming automotive body panels and other structural components. However, in the recent 

years, AA7xxx series aluminium alloys are garnering much interest in the automotive sheet 

forming applications, as an alternate option, for their higher strength. AA7xxx in T6 temper 

(solution heat treated and then artificially aged) has considerably higher yield and ultimate 

tensile strength compared to similar precipitation hardening alloys from AA2xxx and 

AA6xxx alloy series. Therefore, AA7xxx is being looked at as a potential replacement for 

automotive structural steel parts such as frame extrusions, structural sheet components and 

B-pillars (Hirsch, 2011; Wang et al., 2012). 

One of the most commonly available alloys from AA7xxx series in sheet form is AA7075. 

Being a wrought alloy, it undergoes deformation through multi-step thermo-mechanical 

rolling with intermediate annealing to reach its final sheet form and as-fabricated temper. 

Higher strength of AA7075 is from precipitation hardening and dispersion strengthening 

processes. Addition of Mg, Zn and Cu helps in the formation of hardening precipitates that 

strengthen the matrix while acting as barriers to dislocation motion, causing work 

hardening. Also, Zn and Mg, which are major alloying elements, have high solubility in 

aluminium, contributing to higher solid solution strengthening as compared to AA2xxx and 



Ph.D. Thesis-Abhishek Sarmah                   McMaster University-Mechanical Engineering 
 

н 
 

AA6xxx alloys (Nie et al., 1996). Further, addition of transition metals such as higher 

melting point Cr and Mn cause formation of dispersoids that control grain size by inhibiting 

grain growth.  

The role of multi-scale microstructure in governing plastic deformation, development of 

strain inhomogeneity within the microstructure, and eventually localization of plastic flow 

and fracture is of much interest for AA7075 automotive aluminum sheet. This alloy in 

annealed (O-temper) condition is relatively soft and demonstrates better ductility at room 

temperature. As a result, it allows for experimental observation of damage at large plastic 

strain, and as such is an ideal temper to investigate the role of second phase particles on. 

strain localization and damage evolution characteristics under large, applied plastic strain.  

The commonly observed larger precipitates in AA7075-O are ɖ (MgZn2) and ʻ (Al2Cu) 

(Maciel Camacho et al., 2003). Additionally, large Fe-rich intermetallic particles are also 

observed in the matrix (Jordon et al., 2009). Previous studies have categorized the general 

morphology of these precipitates as ellipsoidal for ɖ, elongated for ɗ, and irregular for Fe-

rich particles (Eivani et al., 2011; Sun and Jain, 2022). Limited experimental studies on 

AA7075-O shows that voids on fractured surfaces are closely related to particles, indicating 

the significant role of particles on the damage process (Abdelaty, 2019). However, much is 

still unknown about the nature of damage initiation and propagation. 

It is widely accepted that particles affect the plastic flow localization and failure of a 

material to a great extent. It has been proposed (Hahn and Rosenfield, 1975) that 

mechanical ductile void damage is primarily affected by: particles with a tendency to crack, 

the cohesive properties of particle-matrix interface, and local strain concentrations. All of 
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these processes initiate void formation which grow under multi-axial loading in sheet 

forming processes. Eventually voids link up and the linking process may involve grain 

boundaries if they are weakened by the presence of particles. Presence of different particle 

types in AA7075-O greatly complicates the damage development process and no study has 

been carried out so far to investigate the individual contribution of the  distinct particle 

types and their interactions on plastic flow development and damage evolution. 

However, bulk of the large strain deformation studies on precipitation hardening 

aluminum alloys have been restricted to macroscale behaviour discounting the microscale 

effects of the inherent microstructure (Peterson et al., 2020; Rudnytskyj et al., 2020). There 

have been few studies on the effect of shape, size, stoichiometry etc. of second phase 

particles on the local strain variation, strain localization and damage evolution at large 

plastic strains in precipitation hardening aluminum alloys (Gao et al., 2023; Xing et al., 

2020).  

 Most recent advancements on the study of large strain plasticity and damage 

considering multiple phases embedded in matrix have been restricted to materials such as 

metal matrix composites, particulate reinforced concrete etc., due to the ease of estimation 

of mechanical properties of individual components. Lack of suitable in-situ coupled 

mechanical testing and microscopy techniques that cover the entire range of microstructural 

constituent particles in AA7075 alloy has pegged back research on microstructural effects 

on large strain plasticity and damage. Although numerical study is an option, lack of 

accurate properties of precipitates and particles have prevented research taking up this 

avenue until recently. However, significant recent advances in new experimental techniques 
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such as Plasma Focussed Ion Beam- Scanning Electron Microscope (PFIB-SEM) 

tomography has enabled rapid 3D characterization of second-phase particle field in metallic 

alloys, which in conjunction with numerical modelling techniques such as finite element 

method (FEM) allows for accurate microstructural description in a comprehensive 

numerical study . Along with these techniques, emergence of Molecular Dynamics (MD) 

for study of materials at atomistic scales, offer a unique opportunity to investigate the role 

of nanoscale properties and micro-scale particles on material plastic flow and strain 

localization that limit the ductility of materials such as AA7075. 

With increase in computational power, and better and faster methods of quantitative 

microstructural characterization and digital representation in recent times, increasingly 

complex microstructure-based numerical studies have become possible. However, 

challenges remain in terms of both computational efficiency and experimental feasibility 

with regard to constituent material properties, as noted earlier. Numerical methodologies 

employing crystal plasticity finite element solvers (CPFEM), crystal plasticity spectral 

solvers (CPSS) or microstructure based finite element modelling (M-FEM) are powerful 

simulation techniques employed to study microscopic changes numerically. However, 

incorporating multiple variables, such as grain orientations, inclusions, dislocations etc., 

simultaneously, can be computationally demanding. Additionally, running 

phenomenological models incorporating multiple variables, while increases accuracy, but 

undermines the importance of each variable as it is difficult to isolate the effect of individual 

variables. It also gives rise to a paradoxical situation, where experimental determination of 

phenomenological coefficients actually makes a numerical study more experimentally 
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intensive. Therefore, it is sensible to take up a few important parameters to investigate 

rather than multiple ones simultaneously. 

Availability of experimental evidence pointing towards the significant role of precipitates 

and particles on damage nucleation and evolution in AA7075 has made initial selection of 

variables much easier. Instead of adopting a full CPFEM methodology, a microstructure-

based FEM methodology with imbedded cohesive zones has been adopted. The focus is on 

the role of precipitates and constituent particles and their effect on damage at large strains 

encountered during sheet metal forming. Such an approach allows a more in depth-

investigation into the response of particles and precipitates at various stages of applied 

plastic strain. Additionally, it allows for accurate representation of particle morphology and 

incorporation of complex constitutive models for accurate description of particles, resulting 

in a much robust theoretical platform to isolate the effect of each distinct particle type on 

damage evolution. Similar methodology has been successfully utilized for studying simpler 

systems such as particulate composites (Park et al., 2017) as well as microstructural effects 

in metals such as DP steel (Hosseini-Toudeshky et al., 2015). 

In the past decade, significant advancements have occurred in the field of atomistic 

simulation. Molecular dynamics (MD) has emerged as a highly versatile tool for 

investigating and determining fundamental physical properties in a wide range of materials, 

spanning from polymers to metals and covering various material states, including solids 

and fluids. 

MD simulations have proven their utility by providing valuable insights into interaction 

properties. For instance, Dandekar and Shin (Dandekar and Shin, 2011) in 2011 employed 
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MD simulations to derive cohesive zone laws for the aluminum matrix and SiC under 

diverse loading conditions. Similarly, Lu et al. (Lu et al., 2020) utilized MD simulations to 

ascertain interaction properties between grains with different orientations in polycrystalline 

NiTi alloys. 

The current work aims to expand the application of MD simulations to determine essential 

particle interface properties that govern particle decohesion in AA7075. These interface 

properties, once extracted, serve as crucial inputs for microstructure-based finite element 

(FE) models. This integration of MD insights into FE modeling represents a promising 

avenue for advancing our understanding of the material's behavior. 

The scope of the current work has been restricted to include only ɖ, ɗ and Fe-rich particles 

as the primary second phase particles. This choice was driven by the fact that smaller sub-

micron particles was not observed to contribute to damage during our own experimental 

investigations as well previously reported experimental findings (Abdelaty, 2019). 

Although Fe-rich particles are observed in two stoichiometries, Al3Fe and Al7Cu2Fe, for 

the sake of simplicity all Fe-rich particles are assumed to be of the type Al3Fe. Finally, 

AA7075-O is studied under uniaxial tension. Uniaxial tension is the simplest loading 

condition and is a common measure of a materialôs ductility. However, it is essential to 

highlight that during uniaxial tension the prevalent triaxiality facilitates only partial 

debonding between particles and the matrix. Consequently, the term "decohesion" is 

employed to encompass both incomplete and complete debonding, without drawing a clear 

distinction between the two. 
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1.2 Research Objectives 

The primary aim of the current research is to address the gap in fundamental understanding 

of how different particles (ɖ, ɗ and Fe-rich) and their interactions dictate plastic flow and 

damage evolution in AA7075-O sheet. Towards that end, a comprehensive multiscale 

numerical framework integrating nanoscale MD simulations with micro- and meso-scale 

microstructure-based FE models are developed and adopted in the current study. The 

numerical study is complemented by accompanying experiments that provide key data used 

to build numerical models as well as validate them. The overarching research aim can be 

distilled into three individual objectives as follows: 

1. Determination of interfacial properties of second phase particles in aluminum 

matrix and elucidate the effect of interfacial characteristics on progressive 

decohesion in a real particle field. 

Cohesive properties are the smallest scale properties underpinning the multiscale 

computational methodology adopted for the current project. Therefore, accurate 

estimation of cohesive properties is of paramount importance. Due to the complex 

morphology of the particles, stress -state at the particle-matrix interface are 

expected to be complex. Therefore, particle interfacial behaviour needs to be 

determined under different loading conditions. Additionally, a fundamental 

understanding of interface decohesion behaviour in real particle field needs 

developing. A real particle field consists of particles of different stoichiometries, 

morphology and size. The interaction between different neighbouring particles may 

dictate stress local stress evolution and consequently decohesion. 
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2. Develop understanding on effect of particles on strain localization and relative 

propensity of each particle type for particle induced voiding under large plastic 

strain. 

Particles can induce voiding through both decohesion and particle fracture. 

Therefore, contribution of each particle type towards strain localization behaviour 

and particle induced void needs to be understood. Comprehensive understanding of 

particle induced voiding under large plastic strain will help shed light on strain 

localization and void nucleation mechanisms in AA7075-O. 

3. To understand the void growth and void coalescence behaviour in AA7075-O as 

well as assess the effect of grains on damage evolution. 

Void nucleation is followed by void growth and coalescence under continued 

loading, which leads to complete failure of a material. Therefore, it is imperative to 

establish the mechanisms through which void growth and nucleation occurs in 

AA7075-O and as a result establish and elucidate the complete damage evolution 

process.  

1.3 Thesis Outline 

Overall, the main results of the thesis have been prepared into three journal papers, out of 

which one has been published and two submitted for review. Each of the three papers aligns 

with the three individual objectives outlined previously. 

Chapter 1 introduces the background, research gap, framework, and scope of investigation. 

Chapter 2 is a submitted manuscript that aligns with the first objective of the thesis. It 

presents a comprehensive MD framework to extract interfacial properties at quasi-static 
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strain rate. The extracted properties are parametrized and used as an input for 2D FE 

representative volume element (RVE) models. Fundamental understanding of progressive 

decohesion in AA7075-O is developed by employing RVEs of increasing complexity from 

simple single-particle RVEs to complex real particle field RVEs. Effect of particle 

morphology and size on decohesion is also studied. While particle fracture is not 

incorporated in this chapter, the competition between decohesion and particle fracture is 

dealt later in Chapter 3. 

Chapter 3 is a published paper that aligns with both first and second objectives. 2D real 

particle field RVEs are employed to study competition between particle decohesion and 

fracture for the three distinct particle type. Process of plastic strain accommodation and 

development of localized deformation bands in AA7075-O is investigated. Quantitative 

validation of extracted interfacial properties from MD is presented here as validation also 

necessitates careful incorporation of competing particle fracture for meaningful 

comparison with experiments. Experimental results include in-situ SEM uniaxial tensile 

tests and high-resolution post-test micro X-ray computed tomography (ɛXCT). 

Chapter 4 is a submitted manuscript that employs 3D real particle field microstructural FE 

RVEs create from PFIB-SEM tomography and 3D electron back scattered diffraction (3D-

EBSD) experiments. Three distinct particle types and grain definitions, along with three 

competing damage mechanisms (particle decohesion, particle fracture and matrix ductile 

void damage), are incorporated in the 3D RVEs. The results are compared with 

complementary experiments, which includes in-situ ɛXCT uniaxial tensile tests among 

others. Process of ductile damage development, which includes void nucleation, growth, 
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and coalescence, in 3D AA7075-O particle rich matrix is presented. Additionally, a limited 

study on effect of grains on damage evolution is also reported.  

Chapter 5 summarizes the key findings and offers possible future avenues for improvement 

and applications of the current methodology. 

Appendices containing supplementary research information provided during the 

manuscript submissions is attached at the end of the thesis. 
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Chapter 2 

Decohesion characteristics of second phase particles in AA7075-O 

matrix 

Complete citation: Sarmah, A., Jain, M.K., Multi-scale modeling of decohesion 

characteristics of second phase particles from the matrix in uniaxial tension in a high 

strength aluminum alloy, submitted for review in International Journal of Mechanical 

Sciences. 

Copyright: É Authors 

Abstract: 

This study explores the stress evolution and plastic deformation characteristics responsible 

for decohesion at the particle ï matrix interfaces in AA7075-O aluminum sheet material 

through a coupled molecular dynamics (MD) - finite element (FE) approach. Three distinct 

particles-matrix aluminum interfaces are investigated, namely Al-ɖ, Al-ɗ, and  Al-Fe rich 

intermetallic, all under mode I, mode II, and mixed-mode loading conditions using MD 

simulations. Cohesive properties  are obtained in the form of traction-separation (T-S) 

curves, allowing for the extraction of critical peak traction (t) initiating decohesion and the 

work of separation (G), using a new methodology to  obtain t and G corresponding to 

quasistatic strain rate conditions. The cohesive property estimates from MD simulations 

are utilized as input in FE-based models of deformation with both real and simplified 

microstructures of AA7075-O sheet material. These models are subjected to large plastic 

strains, and the decohesion behavior of each particle type are analyzed. It is shown that all  

three interfaces are weaker in shear than in normal loading. Al-Fe rich intermetallic 
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interface is the weakest, which in combination with Fe-rich particle size, leads to early 

decohesion. In contrast, Al- ɗ and Al-ɖ precipitates are shown to undergo decohesion at 

larger plastic strains. This is attributed to elevated normal and shear stresses in the matrix 

aluminum in uniaxial tension and to inter-particle interaction and presence of previously 

decohered particles. A combined effect of interface normal and shear stresses is shown to 

facilitate decohesion of more resistant ɗ and ɖ precipitates. Also, due to inherent larger sizes 

and irregular morphology, a higher fraction of ɗ precipitates are shown to decohere relative 

to ɖ precipitates. 

Keywords: AA7075, Molecular Dynamics, Finite Element, Matrix-Particle decohesion 

2.1 Introduction 

AA7075 is a high strength aluminum alloy used in aerospace and automotive structural 

applications, It offers increased potential for lightweighting and superior fatigue resistance, 

compared to many other precipitation hardening aluminum alloys from 2xxx and 6xxx 

series. Various second-phase particles dispersed in the aluminum matrix cause considerable 

void induced damage in AA7075 at larger plastic strains  and limit its room temperature 

ductility in metal forming processes and in structural crashworthiness applications (Sarmah 

et al., 2023; Sun et al., 2022; Sun and Jain, 2022). Annealed AA7075 (O temper) exhibits 

greater ductility at room temperature compared to other aged tempers, and therefore, in the 

present work, this temper was chosen for studying AA7075 matrix plasticity and its 

interaction with a broad set of particles to cause interfacial stress-induced decohesion and 

void  damage at large plastic strains. 
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Most commonly observed second phase particles in AA7075-O sheet are Fe-rich 

intermetallic particles, ɖ and ɗ precipitates (Sarmah et al., 2023; Sun et al., 2022; Sun and 

Jain, 2022). The particles impact ductile damage by creating voids through either by 

decohesion from the matrix or by particle cracking during large plastic strains (Hahn and 

Rosenfield, 1975). The resulting voids tend to grow and coalesce under continued tensile 

loads along certain characteristic directions under combination of shear and normal 

stresses. In AA7075-O sheet material, the failure is intricate due to the presence of three 

different particle types with varying shapes, mechanical properties, and matrix interface 

strengths. Finite element (FE) modeling method offers a useful method to study the large 

deformation behavior of the alloy at the scale of the particle microstructure. The method 

allows considerations individual particle size, morphology, distribution within the matrix 

aluminum, mechanical properties of both particle and matrix as well as matrix-particle 

interface strength characteristics via cohesive zone modeling (CZM).  Such a FE-based 

modeling methodology is essential for a broader understanding of the contribution of 

particles on void initiation and damage evolution leading to ductile fracture of material. In 

addition, such studies require cohesive property data for particle-matrix interfaces, which 

is crucial for a comprehensive multi-scale analysis of the  materialôs deformation behavior. 

Due to the miniscule particle sizes and the inherent atomistic nature of particle-matrix 

separation, it is experimentally challenging to determine the cohesive properties of particles 

in ductile, formable alloys. However, molecular dynamics (MD) simulations offer a new 

possibility to estimate the cohesive strength of the interfaces in AA7075-O. Previous 

studies have shown that MD simulations can effectively estimate cohesive properties 
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governing interactions between different phases (Amini et al., 2012; Chinmaya R. 

Dandekar and Shin, 2011; Meng and Tabiei, 2021; Zhou et al., 2008). 

Sazgar et al. (Sazgar et al., 2017)  and Dandekar and Shin [5] utilized MD simulations to 

determine the strengths of Al2O3/Al and SiC/Al interfaces in metal-matrix composites 

materials. MD simulations were also employed by Lu et al. (Lu et al., 2020) to estimate 

traction-separation (T-S) behavior for intergranular and transgranular fracture in 

polycrystalline NiTi alloys. The T-S law parameters derived from MD  can be then 

incorporated with CZM models in a FE framework to examine the dominant fracture 

mechanisms under mode I loading, as demonstrated by Ding et al. (Ding et al., 2020) in 

crack propagation studies on B2-NiAl alloy. However,  some concerns pertaining to 

cohesive properties estimated from MD remain. These concerns include sensitivity of 

simulation box size, and the effect of unrealistically high strain rates routinely employed in 

MD simulations. Most MD  simulations are carried out in the strain rate range of 108 s
-1 to 

1010 s-1 due to large computational demands (Komanduri et al., 2001; Spearot et al., 2004), 

raising questions about the applicability of atomistic T-S responses to quasistatic 

deformation conditions. Dandekar and Shin (Chinmaya R Dandekar and Shin, 2011; 

Chinmaya R. Dandekar and Shin, 2011) have shown that nanoscale numerical calculations 

can also be highly simulation box size dependent at smaller sizes and result in a converged 

response only when simulation box size is increased. Furthermore, many MD studies have 

focused on separate normal (mode I) and shear (mode II) loading, whereas the possibility 

of a combined mode  causing the development of both normal and shear loading for 

particles within an AA7075-O sheet matrix has been overlooked. These above issues have 
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not been given due consideration while analyzing the deformation behavior of complex 

metallic systems  such as AA7075-O aluminum sheet. 

This study aims to expand the current MD methodology to determine the cohesive 

properties of the interface between the aluminum matrix and three different types of 

particles: ɖ precipitates, ɗ precipitates, and Fe-rich intermetallic particles. While AA7075-

O contains Fe-rich intermetallic particles in two stoichiometries (Al3Fe and Al7Cu2Fe), 

this work is focused solely on more prevalent Al3Fe, for simplicity. The research  explores 

the effects of simulation box size and strain rate dependency to better align with quasistatic 

strain rates encountered in sheet forming applications as well as complementary 

experimental studies in the present work. Additionally, the simulations encompass a range 

of mixed mode loading conditions, spanning from pure mode I (tensile) to pure mode II 

(shear). 

It is well established that particle decohesion not only depends on interface strengths but 

also on factors such as particle morphology, size, and evolving microstructural strain field 

(Gao et al., 2023; Sarmah et al., 2023; Sozhamannan et al., 2010; Sun et al., 2022). 

However, MD simulations, due to their nanometric scale, is presently unable to incorporate 

in its framework many of the above factors. Thus, cohesive properties obtained from MD 

simulations are used in a FE framework to assess how particle size, morphology and 

distribution impact their propensity for matrix-particle decohesion at large plastic strains. 

The FE methodology is firstly applied to simpler models involving single particle and two-

particle unit cells to gain a better understand of the local interface conditions and void 

initiation behavior. The findings from the unit cell FE models are then utilized to build 2D 
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more comprehensive models of idealized particle field (IPF) and real particle field (RPF) 

involving a large number of particles to better understand inter-particle interactions and 

their collective response to void damage development.  

2.2 Methodology 

2.2.1 Experimental procedure 

AA7075 sheets were received from Novelis Aluminum, Kennesaw, Georgia, USA, in the 

as-fabricated (F-temper) condition. The material was annealed to O-temper by heating in a 

temperature-controlled furnace at 413o C for 3 hours followed by furnace cooling to room 

temperature (Sun and Jain, 2022). Samples for in-situ SEM uniaxial tension tests were then 

prepared from the annealed material. The chemical composition of AA7075-O sheet is 

given in Table 2.1. 

Table 2.1. Chemical composition of AA7075-O sheet (in weight %). 

Zn Mg Cu Cr Fe Mn Si Ti Al 

5.829 2.605 1.662 0.192 0.163 0.02 0.02 0.022 Balance 

 

In-situ SEM uniaxial tensile tests were carried out to observe the deformation and damage 

evolution behavior at larger magnifications at room temperature. The tests were carried out 

in a JEOL 6610 LV SEM using an hourglass-shaped miniature tensile specimen 

(Asqardoust et al., 2023) at a crosshead displacement of 0.01 mm/s. The applied loading 

was in displacement control with intermittent interruptions for surface microstructure 

imaging from the gauge region of the specimen. Energy Dispersive X-ray Spectroscopy 

(EDS) was also carried out in the region of interest on the undeformed test specimen for 
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identification of particles in terms of their stoichiometry. The sequential images with 

incrementally larger applied deformation were analyzed using incremental ɛ-DIC analysis 

for full-field strain mapping. GOM-Correlate software from ARAMIS was used to carry 

out the ɛ-DIC analysis using a virtual gauge length of 0.8 Õm (Pelligra et al., 2022; Sarmah 

et al., 2023). Strain field evolution from undeformed to fractured state was captured through 

sequential images. A direct measure of strain experienced by the particles was not possible 

due to lack of high enough resolution of images for ɛ-DIC analysis. Therefore, to assess 

the type of loading experienced by particles undergoing decohesion, matrix strain 

enveloping the particles was quantified. It was considered a reasonable assumption that 

matrix plasticity surrounding a particle represents in an approximate way the type of 

loading experienced by the particle. The strain value was calculated by averaging strain in 

the matrix typically within 1.2Õm from the particle boundary (Asqardoust et al., 2023). 

Additionally, decohesion was identified after highlighting voids by thresholding the 

sequential images of deformed microstructure between 0-56 in a pixel intensity range of 0-

255. The highlighted pixels at the edge of particles were used as indicators of decohesion 

while highlighted pixels within a particle were identified for particle fracture.  

2.2.2 Molecular dynamics simulations 

Interface debonding, a fundamentally atomistic process, was simulated using aluminum 

FCC metallic lattice forming a linear interface with particle stoichiometric atomic structure 

in MD simulations. The traction-separation (T-S) behavior of an interface represents the 

energy needed to overcome the forces resisting debonding of an interface (Chen et al., 

2018)(Zhou et al., 2008). The MD simulations utilized the open-source atomistic 
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simulation code, LAMMPS (Thompson et al., 2022). All simulations were conducted under 

room temperature (300o K) conditions and 1 atm pressure. Atomic interactions within the 

systems were described using interatomic potential function. The derivatives of functions 

provided kinematic parameters for the constituent atoms. The interatomic potential 

employed for the Al-ɗ and Al-Fe rich intermetallic two-element systems was the 

Embedded-Atom Method (EAM) (Foiles et al., 1986), while the three-element system of 

Al-ɖ utilized a Modified Embedded-Atom Method (MEAM) (Baskes, 1992). MEAM, 

being an improvement over EAM, can account for bond directionality but comes with 

increased computational cost. The energy E of an atom i in the EAM potential is calculated 

as per Equation 2.1. 

Ὁ ВὊ”Ӷ В • ὶ                                                                                                   (2.1) 

where Ὂ is embedding energy which is a function of the atomic electron density ” and • 

is a pair potential interaction, summed over all neighbours j of atom i within a cut-off 

distance r. Equation. 2.2 shows the energy function for MEAM potential. The primary 

difference with EAM energy function is that ”Ӷ term in MEAM function is a cumulative 

value for multiple weighted partial electron density terms accounting for angular 

contributions. 

Ὁ В Ὂ”Ӷ В • ὶ                                                                                               (2.2) 

MEAM potentials for the Al-ɖ and Al-Fe rich intermetallic systems were validated by 

Dickel et al. (Dickel et al., 2018)and Lee and Lee (Lee and Lee, 2010), respectively. Cai et 

al. (Cai and Ye, 1996) calibrated the EAM potential for the Al-ɗ system. The ɖ precipitates 
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exhibit a C-14 Laves phase crystallographic structure, with Mg atoms at 4f sites and Zn 

atoms at 2a and 6h sites. The lattice constants for ɖ precipitates at equilibrium are a = 0.523 

nm and b = 0.847 nm (Mao et al., 2014). The ɗ precipitate unit cell belongs to space group 

I4/mcm (no. 140), with Al and Cu occupying 8h and 4a sites, respectively. The lattice 

constants are a = 0.6067 nm, b = 0.6067 nm, and c = 0.4877 nm (Villars and Cenzual, 

2012). The unit cell of Al3Fe intermetallic particles belongs to space group c12/m1, with 

lattice constants a = 1.5489 nm, b = 0.8083 nm, and c = 1.2476 nm (Villars and Cenzual, 

2012). Aluminum was represented in the MD simulation with a lattice length of 0.405 nm. 

Atomic models were created using the open-source Atomsk code (Hirel, 2015). 

Figure 2.1 illustrates various atomic arrangements used in LAMMPS for determining the 

cohesive properties of an interface. Particle atoms were placed on top of an equal volume 

of aluminum atoms to create an interface in the middle. A crack was introduced at the 

interface to ensure separation when loaded, with a crack length of 20% of dimension Lx. 
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Figure 2.1. A schematic of MD simulation set up for determination of cohesive properties 

of interface. 

A periodic boundary condition was implemented along the two directions other than the 

loading direction. The system was relaxed for 100ps prior to applying velocity 

displacement.  Isothermal-isobaric ensemble was used to reach an equilibrium state at the 

interface, prior to loading the simulation box in a ramp-like manner (Zhou et al., 2008).  

Figure 2.1 depicts the velocity boundary condition in normal and shear direction by 

symbols Ўὢ and Ўὣ respectively. The relative values of Ўὢ and Ўὣ determine the mixed 

mode loading conditions, expressed by the loading angle ‌ ÁÒÃÔÁÎЎὢȾЎὣ (Zhou et al., 
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2008). Pure mode I and II loadings correspond to the angles of 0o and 90o respectively. In 

addition to pure normal and shear loading, mixed-mode simulations were run for each 

precipitate/matrix combination at loading angles of 30o, 45o and 60o. For traction 

calculation, the interface volume was considered as Lx x ŭinterface x Lz. This volume was 

distributed equally between aluminum and particle atoms. The ŭinterface for this study was 

kept at σπὃ (Sarmah et al., 2023; Zhou et al., 2008). The traction values calculated were 

averaged across 100-time steps (0.1ps) to annihilate any variance in results brought about 

by thermal oscillations. The normal and shear separation was calculated by obtaining the 

difference in the average positions of the particle atoms falling on the interface and average 

positions of the aluminum atoms in the interface. The total separation was defined by Ў

Ўὼ Ўώ. A more detailed discussion on the exact dimensions of the various simulation 

boxes is presented later in section 2.3.2. 

2.2.3 FE Methodology 

Two types of FE representative volume elements (RVEs) were generated; first of which 

were 2D FE unit cell RVEs, for single and two-particle configurations with a large body of 

surrounding matrix. The single particle unit cell RVEs possessed identical dimensions (l) 

in the x and y directions, equal to 30 times the circular particle's radius, with a constant 

particle size of 5.344ÕmĮ. Aspect ratios (AR) of the ellipses were determined in relation to 

the loading direction (x). Figure 2(a) illustrates the three distinct particle morphologies, 

where L and T points denote longitudinal (along the loading direction) and transverse 

(perpendicular to the loading direction) poles. Two-particle RVEs (Figure 2(b)) were also 

constructed, mirroring the morphologies observed in the single particle models. To 
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maintain a constant particle volume fraction, the unit cell size was doubled compared to the 

single unit cell models. The normalized interparticle ligament spacing (R), as defined in 

Equation. 2.3, was computed for the actual microstructure (see Figure 2(c)) (Hu et al., 

2008). The R value in the two-particle FE unit cell models was set to match the average 

value found in the actual microstructure. 

Ὑ ρ                                                                                                                                   (2.3) 

The parameter s in Equation. (2.3)  represents the nearest neighbor distance calculated from 

centroid to centroid, while ὶ and ὶ are the radii of equivalent circles with the same radius 

as the particles involved. In addition, an alignment angle, ◖, made by the line connecting 

the centroids of the two particles with the loading direction was also defined. This angle 

was varied incrementally from 0o (aligned to loading direction) to 90o to investigate the 

effect of particle orientation on stress evolution. The second type of FE-based RVEs were 

created to capture the real particle distribution or its microstructural analogue. Real particle 

field (RPF), with same particle sizes and morphologies, were created from the undeformed 

microstructure. Identification of particle types was based on pre-deformation SEM-EDS 

results. The corresponding RPF FE model is shown in Figure 2(d). Smaller particles (Ò 2 

ɛm2) were highly unlikely to undergo decohesion or fracture, as observed from 

experimental data, and hence, excluded from the current study. Additionally, two different 

idealized particle field (IPF) microstructure FE models were created. IPF-D was created by 

replacing each real particle with a circular particle of equivalent diameter occupying the 

same centroidal position within the microstructure. As a result, the effect of morphology 

was eliminated in IPF-D while maintaining variable particle size distribution (Figure 2(e)). 



Ph.D. Thesis-Abhishek Sarmah                   McMaster University-Mechanical Engineering 
 

нр 
 

The final FE model, IPF-S (see Figure 2(f), was created by further modifying IPF-D model 

by replacing circular particles of different sizes with circular particles of same average size 

of all particles. In IPF-S, the average size of all particles was kept the same as in the single 

particle model mentioned earlier, of particle diameter 5.344 Õm2.  Therefore, FE model 

IPF-S did not have the relative effects of morphology and size, and only general particle 

distribution was retained. Zero-thickness cohesive elements were embedded between the 

particles and the matrix in all the above FE models to simulate interfacial debonding. A one 

element thickness of 1Õm was assigned to all the three FE models, to suppress mesh 

overclosure post-decohesion at large plastic strains (Sarmah et al., 2023). As such, the FE 

models thus created were 2D, simulating a plane stress deformation mode. More details of 

the FE methodology adopted can be found elsewhere (Sarmah et al., 2023).  
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Figure 2.2. Various FE models, (a) morphologies used in unit cell RVEs, (b) schematic of 

two particle alignment angle, ◖, (c) secondary electron micrograph of undeformed 

microstructure, (d) corresponding FE model, RPF, with three different particle types, (e) 

IPF-D model with retained particle size and distribution after eliminating particle 

morphology, (f) IPF-S model with only retained particle distribution after elimination of 

particle morphology and size, and (g) individual particles for local stress analysis. 

A uniaxial tensile periodic boundary condition (PBC) was employed for all three FE 

models. In Figure 2(d), LT, RT, LB, and LB denote corner node sets while L, R, T and B 

denote edge node sets. If u is the displacement vector and U is the applied displacement in 
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x-direction, then PBC boundary condition adopted in this study is given by the following 

set of Equations. (2.4). 

ό ό Ὗ π                  (2.4a) 

ό ό Ὗ π         (2.4b) 

ό ό Ὗ π         (2.4c) 

ό ό Ὗ π         (2.4d) 

ό ό π         (2.4e) 

ό ό π          (2.4f) 

ό ό π          (2.4g) 

ό ό π         (2.4h) 

Equation (2.4) ensures that during the simulation, the top and bottom edges of the FE model 

can freely contract along the y-direction while remaining parallel to each other. The matrix 

was assumed to be an isotropic and homogeneous continuum with a nonlinear elasto-plastic 

response following J2 (Mises) plasticity. The matrix's work hardening behavior was 

characterized using a 3-stage Hollomon fitted curve as defined in Equation 2.5, with fitting 

parameters obtained from prior literature (Sarmah et al., 2023). The Youngôs modulus of 

the matrix was set at 71 GPa, and the yield behavior followed von Mises plasticity. 

„ ὑ‐                                                                                                         (2.5) 

The particles were assumed to be linearly elastic with Youngôs modulus of ɖ, ɗ and Fe-rich 

particles of 147.59 GPa (Mao et al., 2014), 246 GPa (Zhang et al., 2012) and 235 GPa (Xia 

et al., 2019) respectively. The particles were assumed to continue deforming elastically 

until particle interfacial separation during the entire simulation period.   
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The cohesive zone (CZ) parameters, derived from the MD simulation based T-S curves, 

were parameterized using a bi-linear fit (Ding et al., 2020; Lu et al., 2020). Two key 

parameters characterizing interfacial strength were extracted from the bi-linear T-S curves. 

These were the maximum traction (t), which represents the initiation of interface 

decohesion, and the work of separation (G), the latter representing area under the bi-linear 

curve. Given the complex morphology of the particles in the AA7075-O sheet, mixed 

loading was anticipated along various particle-matrix interfaces. Hence, it was essential to 

establish the relative strengths of these interfaces under mixed mode loading conditions. 

For simplicity, it was assumed that the interfaces behave similarly in modes II and III 

loading, i.e., ὸ ὸ  and Ὃ Ὃ . The distinction between modes II and III in a 

cohesive zone is explained later in Chapter 3. 

A constitutive law, known as Benzeggagh and Kenane law (B-K law), was employed to 

account for mixed mode interfacial debonding behavior (Benzeggagh and Kenane, 1996). 

The primary advantage of the B-K law is that it eliminates the need to separately determine 

the peak traction for the mixed mode regime; only the work of separation under mixed 

mode loading needs to be determined. The condition for damage initiation is a function of 

ὸ, ὸ and ὸ  values, as follows: 

ộ Ớ
ρ                                                                                                   (2.6) 

where  ộ†Ớ,  † and † are the normal, shear and tangential tractions. The Macaulayôs 

bracket around the normal stress indicates that only tensile stresses contribute towards 

initiation of damage in the interface. The work of separation required to complete 
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decohesion after initiation damage under B-K law is a function of ratio of work done in 

shear to total work done for a specific interface as, 

Ὃ Ὃ Ὃ Ὃ ὋȾὋ                                                                                                       (2.7) 

where M is a material parameter resulting from fitting and is unique to each interface pair. 

The parameter Ὃ , a function of the loading angle ‌, is the total work done by normal and 

shear traction. The B-K law is schematically described in Figure 2.3. 

 

Figure 2.3. Schematic representation of B-K mixed-mode cohesive law. 

2.3. Results and discussion 

2.3.1 Experimental 

Figure 4 presents in-situ SEM secondary electron images of the particle microstructure 

during the deformation process at 500x magnification with superimposed equivalent plastic 

strain field from post-test ɛ-DIC analysis.  The top left image is for the undeformed stage 

while the right images pertain to a deformed microstructure corresponding to a local region-
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of-interest strain of ~17% (Sarmah et al., 2023). The smaller SEM images at the bottom 

correspond to the specific locations in the larger deformed image and DIC strain field. The 

smaller images show significant deformation-induced decohesion of the interface, particle 

fracture, and subsequent void initiation and growth. The strain evolution is closely related 

to the spatial distribution of particles across the matrix. Also, seen in the top image on the 

right is the coordination of slip bands across multiple grains leading to formation of 

macroscopic shear bands (highlighted with black dotted lines), which can be observed as 

areas of large plastic strain accumulation in the ɛ-DIC image (Sun et al., 2022). Particles 

act as barriers to dislocation slip, thereby creating regions of localized plastic strain along 

the particle interface. Mismatch between elastoplastic responses of the matrix and elastic 

response of particles leads to matrix-particle decohesion and particle fracture, which acts 

as primary mechanisms of void nucleation. Void coalescence through shear bands 

ultimately leads to specimen fracture. Magnified views of decohered particles in Figure 2.4 

indicated that decohesion tends to occur at longitudinal poles of particles, as opposed to the 

transverse poles. 
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Figure 2.4. Deformed and undeformed microstructure with decohesion of a few particles 

highlighted.  

The fraction of particles undergoing decohesion were 51.6% for Fe rich particles whereas 

only 15.7% and 1.49% for ɗ and ɖ precipitates respectively, from a recently published work 

of authors, Sarmah et al., 2023 (Sarmah et al., 2023). The morphological features of the 

general distribution and of de-bonded particles are summarized in terms of mean size and 

mean aspect ratio (AR) in Table 2.2. It was observed that ɖ and ɗ precipitates with larger 

size and higher AR value had more propensity for decohesion, while the effect of 

morphological features on Fe-rich intermetallic particle decohesion was not as significant. 

Table 2.2 also presents average values of matrix shear strain (for surrounding particles that 
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have undergone decohesion), normalized by the equivalent plastic strain.  Dividing shear 

strain by the equivalent plastic strain provides a measure of level of mixed mode loading 

experienced by the particles. Normalized shear strain values of 0 and 1 correspond to pure 

normal and pure shear loading, respectively. The mean normalized shear strain values 

indicate the mixed mode loading conditions experienced by the particles. It was observed 

that ɖ and ɗ precipitates tended to undergo decohesion when the contribution of shear strain 

was relatively higher. This suggests that these particles decohered following the formation 

of localized shear bands. These experimental findings emphasize the importance of 

determining mixed-mode interfacial strengths to gain a comprehensive understanding of 

the varying propensities for decohesion among the three types of particles. 

Table 2.2. Summary of measured statistical data for all particles and the particles 

undergoing decohesion, along with median normalized shear strain of the matrix 

enveloping de-bonded particles. 

Particle 

type 

Number of 

particles 

(Sarmah et al., 

2023) 

 

Percentage of 

particle type  

undergoing 

decohesion  

(Sarmah et al., 

2023) 

Mean Size  

(ɛm2)  

(Sarmah et al., 

2023) 

Aspect Ratio 

(Sarmah et al., 

2023) 

Median 

normalized 

shear 

strain 
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ɖ  5102 76 1.49% 5.22  9.667 1.6 1.74 0.63987 

ɗ  242 38 15.7% 14.76 17.395 1.68 1.87 0.63208 

Fe-rich  68 32 51.6% 26.52 28.18 1.78 1.71 0.56377 
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2.3.2 Molecular dynamics  

2.3.2.1. Size dependency of T-S curves 

The MD simulations were carried out in Compute Canada Graham cluster with ~120 GB 

RAM distributed over ~30 cores with the most expensive simulation taking up to 1 week 

of run time. As mentioned earlier, significant effort has been made to assess the variability 

in T-S curves (i.e., cohesive strength response of the various interfaces) as a function of 

MD simulation parameters before incorporating suitable TS parameter values into FE 

models via the B-K law. Figure 2.5 shows the T-S response calculated for five different 

simulation box sizes and two different modes of loading for Al-ɖ, Al-ɗ and Al- Fe rich 

intermetallic interfaces. The simulations are carried out at a strain rate of 108s-1 to keep the 

computational run times manageable. The smallest box size across all interfaces is chosen 

as ~8.5x10x1.7nm3. For ease of presentation, the smallest and largest box sizes for each 

interface are denoted by binterface and Binterface respectively. Starting from size b, the box size 

is increased until the T-S response of the interfaces converged at size B. Simulation box 

size of about ~51.5x72x15.7 nm3 gave a converged T-S response for all three interfaces and 

as such this is used as the base size for calculation of all cohesive parameters in this study. 

Simulation box size sensitivity of cohesive properties is considerable at smaller box sizes 

and choosing a suitable simulation box size is critical for correct estimation of properties. 

Using smaller simulation box sizes suppresses microstructural phenomena accommodating 

plastic deformation such as dislocation slip and twinning and leads to a non-converged T-

S response upon loading (Chinmaya R. Dandekar and Shin, 2011).  
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As shown by Zhao et al. (Zhou et al., 2008) and Dandekar and Shin (Chinmaya R. Dandekar 

and Shin, 2011), the mode of loading applied globally, as explained in section 2.2, is 

consistent locally at the crack tip. The general trend in the T-S response of each interface 

in Figure 2.5 involves a steady near-linear increase in traction until degradation of the 

interface is initiated, at which point the magnitude of traction peaks. After initiation, the 

degradation progressively increases and is accompanied by a corresponding decrease in the 

load bearing capacity of the interface. When the traction value approaches zero, a complete 

separation of the interface boundary is evident. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
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(e) 

 
(f) 

Figure 2.5. T-S response at different MD simulation box sizes for; (a) mode I loading of 

Al-ɖ, (b) mode II loading of Al-ɖ, (c) mode I loading of Al-ɗ, (d) mode II loading of Al-ɗ, 

(e) mode I loading of Al- Fe rich intermetallic, (f) mode II loading of Al-Fe rich 

intermetallic particle.  

The converged values of work done to complete decohesion is highest for Al-ɖ interface 

followed by Al-ɗ and Al- Fe rich particles, for Mode I loading (see Figure 2.5). A similar 

trend is observed for the maximum traction at which degradation initiates. Under mode II 

(pure shear), the Al-ɗ interface is the strongest while Al-Fe rich intermetallic interface is 

the weakest.  

It should be noted that to keep simulation run times feasible, the converged values shown 

in Figure 2.5 are achieved at the cost of increasing the strain rates to 108s-1. This is clearly 

an unrealistic strain rate for quasi-static decohesion phenomena observed during 

experiments. To reconcile the differences in strain rates, a methodology is proposed and 

applied to the MD simulation data to receive a quasi-static T-S response from MD 

simulations, as described in the next section. 
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2.3.2.2 Strain rate sensitivity of T-S parameters  

Since non-converged bAl-ɖ, bAl-ɗ and bAl-Fe have preferred shorter run times due to lower 

number of atoms involved, the effect of strain rate on T-S curves is studied for smaller b 

simulation box sizes. The final quasistatic t and Ὃ values are calculated using b box sizes 

that and then corrected for the difference with the converged values. The differences in the 

converged results predicted by B box size and non-converged values given by b box sizes 

are calculated by introducing size correction factors ɜ and ʊ for maximum traction and work 

of separation respectively. The size correction factors are defined as ratio of property value 

calculated for simulation box size B to property value calculated for simulation box size b. 

For example, the size correction factor for Al-ɖ interface for mode I loading is given below 

by Equations. 2.8. The variation of ɜ and ʊ with respect to strain rate is investigated for 

strain rates of 1010s-1, 1008s-1, and 1007s-1. The variation is observed to be less than 4% and 

hence is considered invariant to strain rate. 

ɜ
   ║

   ╫
                                                                                                (2.8a) 

ʊ
     ║

    ╫
                                                                                             (2.8b) 

The above size correction factors are used as multipliers to the maximum traction and work 

of separation values from box size b simulations to obtain the corresponding converged 

values. Table 2.3 presents the size correction factors calculated from Figure 2.5 for the three 

interfaces.  

Table 2.3. Size correction factors for maximum traction and work of separation for Modes 

I and II loading.  
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Parameters Interface Mode I Mode II 

ɜ 
 

Al-ɖ 0.704 0.869 

Al-ɗ 0.373 0.543 

Al- Fe rich intermetallic 0.343 0.592 

ʊ Al-ɖ 2.183 2.06 

Al-ɗ 1.57 1.95 

Al- Fe rich intermetallic 1.075 1.123 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2.6. Strain rate dependencies of (a) peak traction in mode I, tI (b) peak traction in 

mode II, tII (c) work of separation in mode I, GI (d) work of separation in mode II, GII.  
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Using smaller box sizes b,  t and G responses are plotted as a function of logarithm of 

normalized strain rates for all three interfaces and two loading modes (see Figure 2.6). A 

strain rate of ʀ 10-2s-1 is considered as quasistatic strain rate for this study. The symbols ʀ 

and ʀ denote the applied and quasi-static strain rates respectively. Resistance to decohesion, 

as measured by traction and work of separation, is observed to decrease with decreasing 

strain rate for all three systems under study. This trend of strain rate sensitivity of t and G 

values follows a general trend observed by other researchers for different material systems 

(Gupta and Yedla, 2017; Ji and Arson, 2020), although previous studies did not cover a 

wide a range of strain rates as in the present study. The strain sensitivity trends in Figure 

2.6 are consistent with limited macroscopic experimental and numerical investigations on 

strain rate dependencies of cohesive properties in the literature (Koyanagi et al., 2014; 

Meyer et al., 2022; Tamrakar et al., 2019; Zhu et al., 2009). 

The t and G versus normalized strain rate data in Figure 2.6 under mode I and II loadings 

are fitted to exponential semi-log functions given by Equations. 2.9. 

ὸ ὸ ὑ ÌÏÇ                                                                                            (2.9a) 

Ὃ Ὃ ὃ ÌÏÇ                                                                                     (2.9b) 

ὸ ὸ ὑ ÌÏÇ                                                                                            (2.9c) 

Ὃ Ὃ ὃ ÌÏÇ                                                                                   (2.9d) 

where symbols ὸ , Ὃ , ὸ  and Ὃ  are the values of peak 

traction and work of separation in modes I and II under quasistatic strain rate ʀ, and K, A 

and n are fit parameters. Since the quasistatic values given by Equation.  2.10 are for 



Ph.D. Thesis-Abhishek Sarmah                   McMaster University-Mechanical Engineering 
 

оф 
 

simulation box size b, the corresponding converged values are extracted by multiplying the 

size correction factor to the quasistatic values, as given by Equations.  2.10. 

ὸ ɜ ὸ                                                                                               (2.10a) 

Ὃ ʊ Ὃ                                                                                               (2.10b) 

ὸ ɜ ὸ                                                                                              (2.10c) 

Ὃ ʊ Ὃ                                                                                                  (2.10d) 

In Equations.  2.11, ὸ , Ὃ , ὸ ÁÎÄ Ὃ  are the converged values 

of peak traction and work of separation in modes I and II,  adjusted for strain rate sensitivity. 

The proposed equations (Equations. 2.9 and 2.10) are simple yet quite effective in capturing 

the trends in the data with just a few parameters. 

Table 2.4 presents the resulting converged and quasistatic values calculated for the three 

interfaces. The results, for peak traction and work of separation indicate that the Al-ɖ 

interface has the highest load transmitting capability under pure normal loading, followed 

by Al-ɗ interface and Al- Fe rich intermetallic interface. However, under pure shear, Al-ɗ 

interface has the most resistance to decohesion while Al- Fe rich intermetallic interface still 

has the least. Lastly, it is to be noted that even with the smaller box size b, a strain rate of 

103s-1 was the lowest strain rate limit in terms of having feasible run times. 

Table 2.4. Converged and quasistatic estimation of peak traction and work of separation 

extracted from MD simulations. 

Interface Mode of loading Peak traction 

(GPa) 

Work of separation 

(N/m or J/m2) 

Al-ɖ Mode I 3.4 3.36 

Mode II .99 1.15 

Al-ɗ Mode I 1.62 2.066 
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Mode II 1.07 1.845 

Al-Fe rich 

intermetallic 

Mode I 1.32 1.193 

Mode II .71 0.53 

 

2.3.2.3 Mixed mode interfacial strength 

For complete description of interface strength, the results from MD simulations needs to 

be parametrized according to B-K law described in section 2.2.3. To determine interface 

specific material parameter M, for each of the three interfaces, simulations are carried out 

at several different loading angles: 0o, 30o, 45o, 60o and 90o. The ratio ὋȾὋ is calculated 

as a function of mode mixity ratio, ɓ, as given by Equation. (2.12) (Turon et al., 2006). 

Equation. (2.13) shows ɓ expressed in terms of final separation in normal (Ў) and shear 

directions (Ў) caused by ὸ and ὸ respectively (Turon et al., 2006).  ὸ and ὸ represent 

the tractions calculated normal and parallel to the interface respectively.  

Ὃ Ὃ ‌ ᷿ ὸȢὨЎώ ᷿ ὸȢὨЎὼ                                                                            (2.11) 

ὋȾὋ  ‍Ⱦρ ς‍ ς‍                                                                                                                (2.12) 

‍ ЎȾЎ ộЎỚ                                                                                                                        (2.13) 
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Figure 2.7. Work of separation for Al-ɖ, Al-ɗ and Al-Fe rich intermetallic interfaces at 

different ratios of ὋȾὋ.  

The work done for decohesion is plotted as a function of  ὋȾὋ as per Equation.  (2.7) 

and the results are shown in Figure 2.7. The cohesive behavior of all three interfaces is well 

described by Equation. (2.7). The M values for Al-ɖ, Al-ɗ and Al-Fe rich intermetallic 

interfaces were obtained as 0.327, 0.570 and 0.27 respectively. Under mode I loading, Al-

ɖ interface has the highest strength with the work done for complete decohesion being the 

highest at 3.36J/m2, followed by Al-ɗ and Al-Fe rich intermetallic interfaces, with relatively 

lower resistance to decohesion with work of decohesion being 2.066 J/m2 and 1.193 J/m2 

respectively. While Al-Fe rich interface is still the weakest even under mode II loading, it 

is interesting to note that Al-ɗ has the highest overall resistance to debonding under mode 

II loading with 1.845 J/m2 required for work of decohesion. For the three interfaces, mode 

II loading is more detrimental in terms of void initiation due to decohesion compared to 



Ph.D. Thesis-Abhishek Sarmah                   McMaster University-Mechanical Engineering 
 

пн 
 

mode I loading. Due to significantly lower energy necessary to cause debonding in Fe-rich 

intermetallic interfaces when compared to ɖ and ɗ precipitates, Al-Fe-rich interface can be 

classified as a óweakerô interface compared to the other two interfaces.  

The methodology to account for strain rate sensitivity of T-S parameters and 

parameterization of mixed-mode interfacial behavior using B-K law is presented here for 

the first time. However, the final values presented in Table 2.4 were incorporated in a FE 

framework and subsequently validated across multiple strain ranges in a separate study 

(Sarmah et al., 2023). Since, both particle fracture and particle decohesion are predominant 

void inducing mechanism in AA7075, validation requires careful incorporation of particle 

fracture in the FE models for direct comparison with experimental results and outside the 

scope of the current study. The cohesive parameters extracted from the methodology 

proposed above was able to capture experimental trends quite well (Sarmah et al., 2023).  

It was reported that while Fe-rich particles underwent both particle fracture and particle 

decohesion at low strains, ɖ and ɗ precipitates primarily induced voids at large plastic 

strains when the effect of strain localization was more pronounced. As presented in Table 

2.4, 15.7% and 1.49% of ɗ and ɖ precipitates underwent decohesion respectively in 

experiments and the same trends were also observed in the FE models reported by Sarmah 

et al. (Sarmah et al., 2023). Therefore, as can be observed from Figure 2.7, while ɖ and ɗ 

precipitates have relatively comparable interface strengths in the mixed-mode regime, the 

percentage of each particle type undergoing decohesion quantitatively diverges from the 

interface strengths predicted by MD. The reason for this discrepancy remains to be 

investigated.  
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Additionally, Figure 2.7 highlights an interesting observation - all three interfaces are more 

susceptible to shear compared to normal stresses. There is a notable gap in understanding 

of the mechanisms by which shear and tensile stresses, which develop within the matrix, 

influence particle decohesion in a particle field where neighboring particles affect each 

other's stress profiles. Therefore, an attempt has been made to address the gaps in the 

following section with FE models. 

2.3.3. FE models 

2.3.3.1. Unit cell RVEs 

The primary focus of this study is towards understanding the development of normal stress 

(ůxx) and shear stress (ůxy) in the matrix, close to the particle, in uniaxial tension due to 

their significant influence on interfacial decohesion. Particle morphology can be expected 

to influence stress evolution and consequently dictate decohesion. Therefore, the effect of 

morphology is investigated using single particle unit cell RVEs. Circular and two different 

elliptical morphologies are considered for analysis. Circular morphology provides a 

baseline to assess local stress evolution, while Ellipse-AR4 RVE mimics particles with 

smaller radius along loading direction. Ellipse-AR0.25, which has a small radius 

perpendicular to loading direction, encapsulates the opposing extreme compared to Ellipse-

AR4 RVE.  

Under uniaxial tensile loading, the transverse (T) poles of the particles are subjected to 

negative triaxiality, indicating compression, which led to their resistance to decohesion. 

This behavior is consistent with findings of Ismail et al. (Ismail et al., 2019), who 

investigated stress states in martensitic particles within a ferritic matrix in dual phase steels 
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using 3D unit cell models. Their study revealed that particles resisted lateral contraction 

during uniaxial loading, resulting in compression at the transverse poles and subsequent 

resistance to decohesion. A ttriaxiality map of real particle field from the present study on 

AA7075-O aluminum is presented in Figure S2 of the Appendix 1, which demonstrates a 

compressive state of stress at the transverse poles of the particles.  

Figure 2.8(a) presents ůxx and ůxy stress fields before decohesion and equivalent plastic 

strain fields after decohesion close to a Fe-rich particle, while Figure 2.8(b) presents the 

global strains at which each particle type initiates decohesion for the three morphologies. 

Smaller radius facilitates the development of higher normal stresses for Ellipse-AR4 and 

decohesion occurs at a low global strain. Prior to decohesion normal stress ůxx is maximum 

for Ellipse-AR4. However, post-decohesion, ůxx exhibits a drop in stress locally as can be 

observed in sub-figure (see part D of Figure 2.8(a)). The drop associated with the circular 

particle was more as the void created as a result of decohesion was larger, resulting in a 

more severe stress relaxation locally. Due to the compressive stresses on the transverse 

surface, the void growth  is delayed. In contrast, ůxy stress component does not play a 

significant role in decohesion but its magnitude during post-decohesion is increased (see 

part E of Figure 2.8(a)). Circle RVE  shows similar characteristics for stress evolution to 

Ellipse-AR4 but decohesion is delayed. Ellipse-AR0.25 demonstrates the most resistance 

to debonding since stress concentration at T pole is mostly compressive and is not 

conducive to decohesion. Also, ůxx  is low at L pole in Ellipse-AR0.25 and decohesion 

occurs in between L and T poles  but the resultant void  does not grow. However, post-

decohesion increase in ůxy is also observed in Ellipse-AR0.25. Similar effects of 
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morphology are observed for ɖ and ɗ precipitates as seen in global strain plot at decohesion 

in Figure 2.8(b). The resistance to debonding is highest for ɖ, irrespective of morphology. 

It could be attributed to higher ɖ-Al interface strength under normal loading since normal 

stress is primarily responsible for decohesion in single particle unit cell RVEs.  

 

 

(a) 
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(b) 

Figure 2.8. Single particle FE unit cell model results from three different particle 

morphologies (Ellipse AR4, circle and Ellipse AR0.25), (a) data form various Fe-rich 

particle cases, (A)  ůxx  stress contours in MPa before decohesion,  (B) ůxy stress contours 

in MPa before decohesion, (C) equivalent plastic strain contours after decohesion. The sub-

figures D and E (part of Figure (a)) show plots of local peak ůxx and ůxy in the matrix as a 

function of 26% ‐  global strain), and (b) a bar chart showing global strains at which 

three particle types and morphologies undergo decohesion. 

The effect of particle orientation on development of ůxx and ůxy as a function of interparticle 

alignment angles is investigated using two particle unit cell RVEs. Since it was established 

previously that post-decohesion stress fields can change drastically with ůxx decreasing and 

ůxy increasing locally, ůxx and ůxy stress fields close to particle are studied. Figure 2.9(a) 

presents ůxx and ůxy stress fields before decohesion at the same global strain of 5% for two 

circular ɖ particles in close vicinity at various alignment angles. It is observed that for ◖ = 

0o, the ůxx stress field interacts strongly between the two particles leading to higher ůxx peak 
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stresses (see Figure 2.9(b)). The interaction effect decreases gradually as ◖ moves towards 

90o. As the particle alignment became more vertical (◖ => 45o), the transverse stress fields 

interacted more, leading to lower peak ůxx (see Figure 2.9(b)).  The results are consistent 

with previously reported results by Hu et. al. (Hu et al., 2008), although their study did not 

incorporate decohesion. Figure 2.9(c) plots peak ůxy values as a function of ◖ at a global 

strain of 5%. Due to interaction effect, ůxy stress field in the two-particle unit cell RVEs is 

higher prior to decohesion when compared with the single particle unit cell RVEs. 

Therefore, it can be expected that there is likely a cumulative orientation effect in multiple 

neighboring particles interacting in a real particle field leading to higher ůxy value that 

increases gradually from ◖ = 0o and becomes maximum at ◖=45o, and subsequently 

decreases gradually from ◖=45o to  ◖=90o. Figure 2.9(d) plots the global strains at which 

decohesion first occurs for two-particle unit cell RVEs for all the three particle types and 

particle morphologies. Irrespective of morphology, decohesion is initiated earliest at ◖=0o 

and the resistance to debonding increased proportionally as the particle alignment became 

more vertical. Such a behavior was recently reported by Gao et. al. (Gao et al., 2023). 

Therefore, it can be surmised that ůxx is the primary driver of decohesion in the two-particle 

unit cell RVEs,  since global strain at decohesion follows a similar trend as ůxx. It must be 

noted that, for Fe-rich particles the effect of particle alignment was the least, while it was 

substantial for relatively tougher ɖ-Al and ɗ-Al interfaces. Therefore, it could be anticipated 

that decohesion of stronger interfaces was dependent on development of conducive 

conditions which increased normal and shear stresses at the interface.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2.9. Two-particle FE unit cell model results for, (a) ůxx and ůxy stress (x106 MPa) 

contours in the vicinity of two ɖ particles at various alignment orientations angles at 5% 

global strain before decohesion, (b) peak ůxx stress as a function of ◖ for the three different 

ɖ morphologies at 5% strain, (c) peak ůxy stress as a function of ◖ for the three different ɖ 

morphologies at 5% strain, and (d) global ‐  strain at decohesion for the three different 

morphologies (ɖ=blue, ɗ= red, Fe-rich=yellow). 
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Given the inherent complexity of real particle fields compared to simplified unit cell 

models, it is important to emphasize that the primary focus of this section is on the 

elucidation of stress evolution at the individual particle level. Particle decohesion  here is 

distinguished by localized ůxx relaxation and elevated ůxy. The interaction effect of ůxx is 

maximized at ◖ = 0Á, while ůxy reaches its peak at ◖ = 45Á. Consequently, an interparticle 

alignment within the range of ◖ = 0 - 45Á may be considered the most favorable condition 

for decohesion.  

2.3.3.2. RPF, IPF-D and IPF-S RVEs 

Model results pertaining to two idealized particles fields (IPF-D and IPF-S) and a real 

particle field (RPF) consisting of a large number of particles of all three types present in 

AA7075-O sheet material are presented below. Figure 2.10 (leftmost column) illustrates 

the ůxx stress field in IPF-S, IPF-D, and RPF at a global strain of 15%. In addition, a closer 

view of ůxx stress fields from sub-areas of  IPF-S, IPF-D, and RPF is provided in two right 

columns in Figure 2.10 for global strains of 5% and 15%. Notably, at 5% global strain, ůxx 

exhibited strong interaction along the longitudinal poles of the particles, aligning with the 

earlier observations in two particle unit cell RVEs. Conversely, at higher strains, when 

localized bands formed, ůxx was elevated along these bands. 
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Figure 2.10.  ůxx stress (x10
6MPa) fields in IPF-S, IPF-D and RPF at a global strain of 15% 

with magnified view of a region at global strains of 5% and 15%. 

The effect of particle size and morphology on ůxx stress field evolution was more apparent 

at larger strains. Irrespective of model type Fe-rich particles underwent decohesion earliest, 

as they possessed the weakest interface. Although, location of localized band formation 

was dictated by the early decohesion of Fe-rich particles, it was observed that localized 

bands in IPF-S were narrow and as a result stress unloading accompanying localized bands 

formation was also the least among all the models. In IPF-D, larger particles widened the 

localized bands and the accompanying stress relaxation away from the bands was also more 

significant. The effect of particle size when comparing IPF-S and IPF-D stress fields was 
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consistent with the previous findings by Gentieu et. al. (Gentieu et al., 2019), who proposed 

that propensity of particle decohesion increases proportionally with square root of particle 

radius. It was also observed in our previous work (Sarmah et al., 2023) that larger particles 

restrict matrix flow more significantly and caused development of higher stresses at the 

interface, which facilitated decohesion. As a result, decohesion occurred earlier in IPF-D, 

when compared to IPF-S, leading to wider localized bands. In RPF, the same effect of size 

was observed. However, the stress developed at particle interfaces were even higher in 

particles with a smaller radius along the loading direction, leading even earlier decohesion 

than IPF-D, which caused the localized bands to widen substantially. The effect of shape 

was also manifested in RPF through regions of higher stresses around particle interfaces 

even in matrix regions going through stress unloading at higher strains.  

Figure 2.11 presents plots of  ůxy stress field for IPF-S, IPF-D and RPF at a global strain of 

15% in the same manner as Figure 2.10 earlier. The effect of particle size, shape and 

morphology on ůxy stress evolution is quite revealing in terms inter-particle interaction, 

void initiation and development. The interaction of ůxy between particles occurs mostly 

along 45o, which is consistent with not only the prediction of the unit cell RVEs but also 

with the experimental observations presented earlier. 
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Figure 2.11.  ůxy (x10
6MPa) stress fields in IPF-S, IPF-D and RPF at a global strain of 15% 

with magnified view of a region at global strains of 5% and 15%. 

It can be observed that interaction between multiple particles causes wider ůxy band 

formation than those observed in the two-particle unit cell RVEs. The intensity and size of 

ůxy bands is most prominent in RPF and least in IPF-S, which could be attributed to the 

effect of morphology and size. Particle decohesion is augmented by the formation of wider 

ůxy bands, which  are wide enough to envelop longitudinal poles of neighbouring particles, 

where decohesion is most likely. As a result, decohesion is triggered in neighbouring 

particles from a combined effect of ůxx and ůxy. Overall, it is seen that at higher plastic 

strains, particles situated within localized bands, or close it, experience higher ůxx and ůxy 
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at their longitudinal poles. Such a condition is most suitable for decohesion, which 

facilitated decohesion of more resistant ɖ and ɗ precipitates. Figure 2.12(a) presents plots 

of local ůxx and ůxy history at longitudinal poles of particle P1 (ɗ precipitate), presented 

earlier in Figure 2(f), from the two IPFs and RPF models. A similar plot of data for particles 

P2 (Fe-rich) and P3 (ɖ precipitate) from Figure 2.2 are presented in Figure 2.12(b) for RPF 

model only.  Particle P1 is a relatively isolated particle, and the interaction effect is 

relatively less on it compared to most other particles. The general trends previously 

predicted from the unit cell RVEs are also apparent in Figure 2.12(a). Since RPF has both 

particle size and morphological effect, the stresses are higher prior to decohesion (see solid 

black lines in Figure 2.12(a)). Decohesion is earliest in particle P1 in RPF model and 

delayed in IPF-S where the effect of size and morphology  are not present. The effect of 

particle interaction on decohesion is more apparent in Figure 2.12(b). It is observed that 

after the decohesion of larger Fe-rich particle P2, the local ůxy associated with particle P2 

has increased. Particle P3 is in a ~45o alignment with particle P2. Therefore, decohesion of 

particle P2 has also increased the local ůxy associated with particle P3 facilitating its 

decohesion. Therefore, it can be concluded that morphology and size has a significant effect 

on decohesion. In addition, the effect of particle size and morphology is compounded when 

multiple particles occupy neighbouring positions. Particles undergoing decohesion can 

trigger decohesion of neighbouring particles due to increased ůxy on particles aligned ~45
o. 

The effect of increased ůxy on decohesion  is more significant on neighbouring ɖ and ɗ 

precipitates due to their weaker interface resistance to shear. In fact, increased ůxx 
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interaction also causes particle decohesion when particles are aligned parallel to the loading 

direction.  

 

 

(a) 

 

(b) 

Figure 2.12. (a) ůxx and ůxy history at longitudinal pole of particle P1 for IPF-S, IPF-D and 

RPF (b) ůxx and ůxy history at longitudinal pole of particle P2 and P3 for RPF. 

Finally, Figure 2.13 shows the percentage of each type of particle undergoing decohesion 

in IPF-S, IPF-D and RPF. It is observed that in RPF model the percentage of ɗ precipitates 

undergoing decohesion was almost ~10 times higher than ɖ precipitates, which is consistent 

with previously reported experimental findings (Sarmah et al., 2023). When effect of 

morphology was removed in IPF-D, the difference between ɗ and ɖ was about ~5 times. 

When both effect of morphology and size was removed in IPF-S, percentage of ɗ 

precipitates undergoing decohesion was only about 1.5 times higher than ɖ precipitates, 

which is more consistent with the MD predicted interface strengths. The cause for this 

discrepancy can be primarily attributed to larger sizes and more irregular morphology of ɗ 

precipitates when compared to ɖ precipitates, as presented in Table 2.2. However, 
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secondary far-field effects can also influence the discrepancy between ɗ and ɖ precipitates. 

In RPF, due to early decohesion of larger sized Fe-rich particles, strain localization occurs 

earlier and stress unloading away from localized bands is also earlier. Stress unloading can 

supress decohesion of particles away from localized bands. In IPF-D, localization  and 

accompanying stress unloading is limited and delayed, leading to a more homogeneous 

stress distribution. A more homogenous stress distribution facilitates of decohesion of more 

particles away from the bands. 

 

Figure 2.13. Percentage of each particle type undergoing decohesion in RPF, IPF-D and 

IPF-S. 

2.4 Conclusions 

A comprehensive study of room temperature cohesive strengths of Al-ɖ, Al-ɗ and Al-Fe 

interfaces  in AA7075-O sheet was carried out using coupled MD-FE simulations and in-

situ SEM uniaxial tensile tests. A systematic MD study to determine the simulation box 

size for converged T-S response was carried out. A methodology to account for strain rate 
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sensitivity was proposed and applied. The mixed mode cohesive properties estimated from 

MD simulations were then implemented in both real particle field and idealized particle 

field 2D FE RVEs. The key results and subsequent discussion have led to the following 

conclusions: 

1. It is shown from the converged T-S responses, after adjusting for strain rate, that Fe-rich 

intermetallic particles in AA7075-O sheet material have a higher propensity for decohesion 

when compared to ɖ precipitates and ɗ precipitates due to their lower interfacial strength 

with the matrix. 

2. Cohesive strength of ɖ precipitates in AA7075 sheet is higher than the ɗ precipitates 

under mode I loading, while ɗ precipitates have a stronger interface under mode II loading. 

Irrespective of particle type, the interfaces are weaker in shear than in normal loading. 

3. Particles with larger aspect ratio and smaller radius along loading direction are subjected 

to higher ůxx stress concentration leading to early decohesion.  

4. Inter-particle interaction effect on evolution of ůxx  is maximized when particles are 

aligned parallel to loading direction leading to higher stresses at their longitudinal poles. 

The higher stresses facilitates particle decohesion. 

5. The ůxy stress is maximized when particles are aligned at 45
o to each other. Inter-particle 

alignment between 0 - 45o with respect to loading direction is most favorable for 

decohesion, due to the combined effect of ůxx and ůxy. 

6. Decohesion of particles results from development of higher ůxy stresses around 

longitudinal poles of neighboring particles, a characteristic that aids decohesion of more 

resistant ɖ and ɗ precipitates in AA7075-O sheet.  
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7. A disproportionately larger percentage of ɗ precipitates, compared to ɖ precipitates, were 

observed to undergo decohesion experimentally. The quantitative differences between 

cohesive strength estimates and experimental observations on decohesion of Al-ɗ and Al-ɖ 

interfaces can be explained in terms of the inherent size and morphological characteristics 

of the particle types. A larger percentage of ɗ precipitates undergoing decohesion is 

primarily due to their inherent larger average size and irregular morphology. 
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Multiscale modelling of particle-induced damage in AA7075-O 

aluminum sheet at large plastic strains 

Complete citation: Sarmah, A., Jain, M.K., Asqardoust, S., Mohhamadpour, P., 2023. 

Multiscale modelling of particle-induced damage in AA7075 aluminum sheet at large 

plastic strains. Int. J. Plast. 169, 1ï51. https://doi.org/10.1016/j.ijplas.2023.103741 

Copyright: This article/chapter was published in International Journal of Plasticity, 169, 

Sarmah, A., Jain, M.K., Asqardoust, S., Mohhamadpour, P., Multiscale modelling of 

particle-induced damage in AA7075 aluminum sheet at large plastic strains, 1-51, 

Copyright Elsevier (2023). Reprinted with permission and in accordance with Elsevierôs 

policy for embedded Published Journal Article in formal thesis/dissertation that allows for 

public posting by degree awarding institution.  

Abstract 

Large plastic deformation and ductile damage in precipitation hardening aluminum alloy 

AA7075 is driven by plastic flow in the vicinity of particles as well as fracture and 

decohesion of second phase particles embedded in the matrix. The current work 

investigates the deformation and damage characteristics of Fe-rich intermetallic particles, 

and ɖ and ɗ precipitates in AA7075-O sheet. A multiscale model simulation methodology 

is presented and applied to analyze large-scale plastic deformation and damage 

characteristics. The methodology utilizes nanoscale molecular dynamics simulation to 

obtain matrix-particle interface strength properties and Weibull statistics to capture 
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experimental fracture characteristics of particles. The above sub-models are incorporated 

within a 2-D real particle microstructure-based finite element model to conduct a 

comparative study of the roles of decohesion and fracture in the development of plasticity 

and void damage in AA7075-O sheet. In addition, in-situ SEM uniaxial tensile tests are 

carried out to assess the effectiveness of the simulation methodology and to compare the 

experimental and numerical results. Post-test high resolution X-ray computed tomography 

(HR-XCT) was also carried out to qualitatively observe particle-induced voiding in the 

material.  The numerical methodology is shown to capture well the experimental trends in 

damage evolution of the individual particles. It is observed that particle damage is a 

function of inherent particle properties, their morphological features, and matrix strain 

localization characteristics. Larger-size Fe-rich particles are observed to undergo damage 

at an earlier stage, and consequently, affect the strain localization characteristics the most. 

In contrast, ɖ precipitates are found to be most resistant to particle damage, followed by ɗ 

precipitates. Higher stresses inside strain localization bands, caused increased void damage 

initiation and growth of ɖ and ɗ precipitates. Overall, particle fracture is observed to be 

marginally higher compared to particle decohesion, irrespective of the particle type.  

Keywords: AA7075, strain localization, particle decohesion, particle fracture, FEM, HR-

XCT, 

In-situ SEM. 

3.1. Introduction 

Aluminum alloy AA7075 is a high strength precipitation hardening alloy that has been in 

in the aerospace industry for fabrication of structural components. The use of this alloy in 
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the manufacturing of automotive components via a sheet forming process is quite recent. 

This alloy has gained considerable attention in aerospace and automotive industry due to 

its potential for further weight reduction compared to the other lower strength precipitation 

hardening aluminum alloys. Particles were observed to be the primary drivers of void 

damage initiation and development and final failure of the alloy at large plastic strains 

(Abdelaty, 2019; Sun et al., 2022). Due to larger strain to fracture of annealed AA7075 (O 

temper) sheet at room temperature, the O-temper state is ideal for developing an 

understanding of fundamental particle interaction and their contribution to damage at large 

plastic strains. In this temper, ɖ (MgZn2) and ɗ (Al2Cu) precipitates are the most commonly 

observed precipitates (Maciel Camacho et al., 2003) along with coarse Fe-rich constituent 

particles, Al3Fe and Al7Cu2Fe (Jordon et al., 2009).  

It is well accepted that particles not only contribute to strengthening of the alloy but also 

affect strain localization behavior and damage characteristics at large plastic strains. The 

particles can affect local strain localization in matrix even at small global deformations, by 

impeding the movement of dislocation (Yang et al., 2022). By acting as barriers to matrix 

flow, local strain gradients can develop around particles which can promote early void 

damage initiation and pronounced void growth during the longer deformation process 

(Wilkinson et al., 1997). In the context of AA7075-O, the effect of particles is more 

complex due to the presence of three different type of particles with varying morphological 

features, mechanical properties, and interface strengths. Particles in AA7075 were observed 

to progressively undergo decohesion and fracture with increasing plastic strain (Abdelaty, 

2019). The current study attempts to isolate the effect of each particle type on strain 
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localization and the respective damage evolution characteristics via numerical modeling 

and in-situ SEM-based uniaxial tension tests. 

Bulk of the previous studies on particle induced damage evolution, across different alloys 

and metal matrix composites, had been largely limited to investigating only one particle 

type (Bao et al., 2023; Bhattacharyya and Weng, 1994; Gao et al., 2023; Lloyd et al., 2019; 

Wang et al., 2022) and in some cases with idealized microstructures (Babout et al., 2004b, 

2004a; Charles et al., 2010; Hannard et al., 2016; Maire et al., 1997; Wilkinson et al., 1997).   

It is to be noted that Gao et al. (Gao et al., 2023) have recently studied the competition 

between decohesion and failure at low and intermediate plastic strains and demonstrated 

the effect of morphology on particle induced damage in AA2219 precipitation hardening 

aluminum alloy. This study analyzed the interaction between the particles and grain level 

plastic deformation by including crystal plasticity considerations. However, in terms of 

particle-induced ductile void damage, the study is limited to just one particle type and to 

intermediate plastic strains where extensive particle driven void damage processes are not 

present. The studies involving damage of different types of particles in the microstructure 

have been mostly experimental (Asqardoust et al., 2023; Csontos and Starke, 2005; Yang 

et al., 2022). Numerical microstructure-based studies of real particle field with multiple 

particle phases along with competing particle fracture and decohesion are almost non-

existent. Such studies are usually restricted by the lack of particle-specific damage 

definitions. Therefore, in the current study, an effort is made to properly represent the two 

main particle-type dependent void damage mechanisms, viz., particle decohesion and 

particle fracture. A hierarchical multiscale microstructure-based finite element (FE) 
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methodology, incorporating nanoscale molecular dynamics (MD) simulations, is 

developed, and utilized. In-situ SEM uniaxial tensile experiments are also conducted to 

observe the particle-induced void damage characteristics at higher magnifications for 

validation of the model. In the FE models, experimentally based real particle fields within 

the aluminum matrix are employed to capture their morphology and distribution more 

precisely, as discussed below.  

Propensity of a particle to undergo decohesion is controlled by interface properties at the 

atomic level (Needleman, 1987) and the stresses developed during the interface loading 

(Wilkinson et al., 1997). Due to the mismatch in crystallographic structure at material 

interface, each interface can have a unique response to mechanical loading. Mechanical 

response of an interface (i.e., cohesive properties) is often described by a suitable traction-

separation (T-S) curve (Needleman, 1987). The key parameters dictating decohesion in a 

T-S curve, are usually the peak traction, t, and work of separation, G, the latter given by the 

area under the T-S curve. Upon loading, the traction developed  at an interface increases 

until it reaches the peak traction, t, at which point the capability of the interface to transfer 

load degrades, and finally reduces to zero signifying complete decohesion (Needleman, 

1987). Different methodologies have been adopted by researchers to determine t and G. For 

larger sample sizes,  end-notched flexural and end-notched split tests have been carried out 

(Benzeggagh and Kenane, 1996), which are impractical for miniscule particle sizes 

observed in AA7075. Other researchers have used variations of inverse fitting 

methodology, wherein the overall response of a numerical model is calibrated against the 

experimental material response by varying the parameters t and G (Babout et al., 2004a; 
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Kan et al., 2014; Sun et al., 2022). However, such an inverse problem formulation is 

applicable when decohesion is the dominant mechanism and the number of overall phases 

is restricted to two. Presence of other competing damage mechanisms and multiple phases 

can potentially introduce cascading errors and give trivial non-unique solutions. In 

AA7075-O, where multiple phases and damage mechanisms are observed, the above 

pitfalls can be potentially circumvented by employing an independent molecular dynamics 

(MD) virtual environment to estimate mechanical cohesive strength of the participating 

interfaces. Previous researchers have reported reasonably good estimations of cohesive 

strengths using MD simulation in metal-matrix composites (MMCs) (Chinmaya R 

Dandekar and Shin, 2011; Chinmaya R. Dandekar and Shin, 2011; Sazgar et al., 2017).  

It has been established by researchers that fracture of particles, embedded in a matrix, can 

be best described as a brittle fracture process (Maire et al., 1997; Wilkinson et al., 1997). It 

follows from the assumption that the miniscule size of the particles, constrained by the 

surrounding matrix, does not allow for significant plasticity mechanisms to be activated. 

Researchers have also reported that particle fracture is typically stochastic in nature. The 

idea stems from higher probability of a larger particle to possess defects which can facilitate 

particle fracture at lower plastic strains. Therefore, rather than determining a specific 

material failure criterion, an equivalent particle fracture behavior can be represented using 

a Weibull distribution for each type of particle (Babout et al., 2004b, 2004a; Hannard et al., 

2016; Maire et al., 1997; Wilkinson et al., 1997). 

Apart from the inherent damage properties of each particle type, local and far-field stress 

fields also control particle fracture and decohesion. The development of these stress fields 
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are dependent on particle morphology, distribution and relative hardness of the particles in 

relation to the matrix (Babout et al., 2004a). Therefore, real particle-field based finite 

element (FE) models, adopted in this study, not only include particle morphology and 

distribution but also their realistic interface strength behavior obtained via MD simulations 

to study the damage phenomena observed in AA70775-O. In addition to the multiscale 

methodology presented, the scope of the current work is to understand the evolution of 

particle damage characteristics of each type of particle (ɖ, ɗ and Fe-rich) with increasing 

strain and the effect of particle type on strain localization. 

3.2. Methodology 

3.2.1 Experimental 

AA7075 sheets were received from Novelis Aluminum companyôs Global Research and 

Technology Center in the as-fabricated condition (F-temper). The material was annealed to 

O-temper by heating in a temperature-controlled furnace at 413o C for 3 hours followed by 

furnace cooling to room temperature (Sun and Jain, 2022). Samples for in-situ SEM 

uniaxial tension tests were then prepared from the annealed material. The chemical 

composition of AA7075-O sheet is given in Table 3.1. 

Table 3.1. Chemical composition of AA7075-O sheet (weight %). 

Zn Mg Cu Cr Fe Mn Si Ti Al 

5.829 2.605 1.662 0.192 0.163 0.02 0.02 0.022 Balance 

In-situ SEM uniaxial tensile tests were conducted to observe the deformation characteristics 

and damage evolution behavior at room temperature utilizing a specialized instrumented 

test jig and a miniature tensile specimen. The tests were conducted in a JEOL 6610 LV 
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SEM using an hourglass-shaped miniature tensile specimen, as shown in Figure 3.1(a). The 

test samples were machined using electro-discharge machining process for close tolerances. 

The samples were then polished sequentially until a diamond finish was achieved. Finally, 

a colloidal active silicon oxide polishing solution (OPS) was used to apply a finishing 

polish prior to imaging the sample. The displacement was applied at a constant crosshead 

velocity of 0.01 mm/s, with intermittent interruptions for imaging of the microstructure 

from polished normal plane of the test specimen. Imaging was conducted at middle of the 

specimen, at the smallest cross-section, at approximate intervals of 0.1 mm extension of 

specimen loading grip. Due to the hourglass-like specimen geometry, the strain rate varied 

along the length of the specimen. A strain rate value of about 0.005s-1 was obtained in the 

middle of the specimen at the smallest cross-section from time-stamped Õ-DIC data. 

Prior to deforming the sample, Energy Dispersive X-ray Spectroscopy (EDS) was 

conducted on regions of interest (ROIs) for stoichiometric particle identification. A total of 

6 ROIs were chosen across multiple tests, of which 5 were employed to calibrate the particle 

fracture parameters for each particle type. The remaining ROI was used for model 

validation. All ROIs were analyzed at 500x magnification. Prior identification of particle 

types helped isolate the contribution of each type of particle on void initiation through 

particle decohesion and particle fracture. Smaller particles (Ò 2 ɛm2) were highly unlikely 

to undergo decohesion or fracture, as observed from experimental data, and hence, 

excluded from the current study. A total of 5412 particles Ó 2 ɛm2, across all six ROIs, were 

analyzed  for size and aspect ratio (AR) using ImageJ software (Bourne, 2010). 
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In-situ SEM images with increasing applied load were analyzed for strain field using  ɛ-

DIC analysis. Strain field evolution from undeformed to fractured state was captured 

through a sequence of images. Commercial GOM-Correlate software from ARAMIS was 

used to conduct the ɛ-DIC analysis using a facet size and facet step of 40 pixels and 30 

pixels, respectively. It is to be noted that the choice of facet size was restricted by the spatial 

resolution of the image. Also, the step size was based on choice of the virtual gauge length 

for calculation of strain field in Õ-DIC to be less than the average particle size (Pelligra et 

al., 2022). Further, the strain tensor neighborhood  determined the number of points 

considered for calculation of strain at each facet. Therefore, for a strain tensor 

neighborhood of 3 employed in this study, three points were used to determine strain at a 

point. Consequently, the virtual gauge length was 2 times the step size, as shown in Figure 

3.1(b). The virtual gauge length was kept at 0.8 Õm in physical units, which was less than 

the minimum particle size considered for this study.  

 
(a) 
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(b) 

Figure 3.1. Details of tensile test specimen and Õ-DIC analysis; (a) drawing of miniature 

in-situ tensile test specimen, and (b) Õ-DIC analysis based on size of the acquired 

microstructure image and assignment of four points (in green) surrounding a particle for 

calculation average matrix strain. The sketch on the right shows a schematic illustration of 

facets, step size and virtual gauge length in Õ-DIC (Pelligra et al., 2022). 

The strain regime calculated from the four points around each of the particles was used as 

a measure of matrix plasticity. This assumed that matrix plasticity surrounding a particle 

represents in an approximate way the type of loading experienced by the particle. The 

average strain values calculated with aforementioned methodology were mildly sensitive 

to location of four points with respect to the particle, with maximum observed variance of 

~0.005. 

The fractured miniature in-situ tensile samples were then scanned using Zeiss Xradia 630 

Versa high resolution X-ray computed tomography (HR-XCT) system with a tungsten 

target. To achieve a sub-micron resolution (voxel size of x=y=z=350nm), a geometric 
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magnification of 1.95X and optical magnification of 20X were selected. The scan was 

performed using a voltage of 60 kV, a power of 6.5 W, and Zeiss HE2 source pre-filter. 

Instead of full rotation, 3200 projections over a 180Á+fan (Ñ90Á+fan angle) rotation with 

an exposure time of 30 seconds per projection were acquired. Eventually, The Zeiss NavX 

along with Xradia Reconstructor software were utilized for X-ray imaging and volumetric 

reconstruction, respectively. The process employed filtered back projection method with 

center shift and beam hardening corrections, along with a smooth Gaussian reconstruction 

filter. The results were then analyzed using Dragonfly 2022.2 (ñDragonfly 2022.2,ò 2022). 

Due to high precision data acquisition capability of Zeiss Xradia 630 Versa, both voids and 

particles could be identified and segregated. The total voxel intensity range, I, was (I  ɴ0 - 

65535), of which (I  ɴ0 -15328) were segmented as voids while (I  ɴ38206 - 65535) were 

segmented as particles. The remaining voxels were assigned as the matrix. A connected 

component analysis was carried out to calculate number of individual components of voids 

and particles. This analysis classifies each cluster of voxels, belonging to the same 

predefined set, as individual void, or particle. After the analysis, the sets V and P were 

defined as the sets containing total voids and total particles respectively. Another set V᷾ P 

was defined as set containing the connected components of voxels in the range (I  ɴ0 -

15328, 38206 -65535).  Once all eligible voxel clusters were segregated, microstructural 

morphological parameters such as volume fraction, surface area, aspect ratio and centroidal 

co-ordinates of particles were extracted for the three pre-defined sets, viz., V, P and VP᷾. 

In the set VP᷾, voids and particles not connected to each other do not change and will have 

the exact same morphology and co-ordinates, as in sets V and P. However, voids connected 
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to particles will be segregated as one cluster in VP᷾. As a result, the morphological 

characteristics change for particles inducing voids in VP᷾. To isolate voids associated with 

particles, similar voxel clusters with same morphology and same centroidal co-ordinates 

were operated on and deleted as per Eq. (3.1). The process is schematically shown in Figure 

3.2 in a 2D pixelated space. The remaining voxel clusters denoted by VžP is a set 

containing particles with associated voids. 

VžP = V + P - V᷾ P                                                                                                              (3.1) 

IF n(V)Vɴ is the total number of individual voids in the set V, then n(V)VɴžP gives the 

number of voids connected to a particle. Therefore, percentage of particle induced voiding, 

%Vp, can be calculated as 

%Vp= {n(V)VɴžP/ n(V)Vɴ}Ĭ100                                                                                                (3.2) 

 

Figure 3.2. A schematic of morphological operations in 2D pixelated space. The operations 

are employed to isolate voids associated with particles. 
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3.2.2 MD simulation 

The T-S behavior of an interface gives the energy required to overcome the tractions acting 

at the  interface. The traction resists interface debonding under normal and shear loading 

(Chen et al., 2018)(Zhou et al., 2008) The current MD simulation work, based on the 

premise that interface debonding is an atomistic process, was carried out using open-source 

atomistic simulation software LAMMPS (Thompson et al., 2022). All simulations were 

conducted for the ensemble to be under isothermal-isobaric conditions of 300 K and 1 atm 

pressure respectively to mimic room temperature conditions. The atomic interactions 

between interacting atoms in a system were described using an interatomic potential 

function whose derivatives provided kinematic parameters for constituent atoms. The 

interatomic potential used for two element systems Al-ɗ and Al-Fe rich intermetallic was 

Embedded-Atom Method (EAM) (Foiles et al., 1986), while, for the third three-element 

system of Al-ɖ, a Modified Embedded-Atom Method (MEAM) (Baskes, 1992) was used. 

To reduce the complexity, all Fe-rich particles were assumed to have Al3Fe stoichiometry. 

Crystallographic structure of ɖ precipitates was taken as C-14 Laves phase with Mg atoms 

occupying 4f sites and Zn atoms occupying 2a and 6h sites (Mao et al., 2014). The ɗ 

precipitate unit cell was assumed to belong to the space group l4/mcm (no. 140), with Al 

and Cu occupying 8h and 4a sites respectively (Villars and Cenzual, 2012a). Lastly, the unit 

cell of Al3Fe intermetallic particles was considered to be c12/m1 space group (Villars and 

Cenzual, 2012b). Figure 3.3 shows the schematic of a typical arrangement used in 

LAMMPS simulations for determination of cohesive properties of an interface. The particle 

atoms were arranged on top of an equal volume of aluminum atoms, thereby creating an 
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interface in the middle. A crack was introduced at the interface to ensure separation along 

the interface when loaded (Zhou et al., 2008). 

Due to the large mismatch in crystallographic structures between aluminum and the 

particles, stability of MD simulations was highly dependent on assigning compatible crystal 

orientations. Previously reported orientations between the second phase particles and 

aluminum matrix were used to orient the particles with respect to the aluminum matrix. The 

complete details of assigned orientations in MD simulations are summarized Table 3.2. The 

crystals were generated and oriented using open source software Atomsk (Hirel, 2015) . 

The system was then relaxed for 100ps prior to applying any deformation to the simulation 

box. Relaxing the system allows the system to reach equilibrium, with atoms at the interface 

occupying their most stable positions. Small changes to the crystal orientation did not 

influence the results, as relaxing the system led to the same stable orientation. Although 

there are few additional reported particle-matrix orientations, due to the complex nature of 

those orientations, they were not pursued in the current study. It was assumed that the 

relative strengths of the interfaces did not change significantly. 

Table 3.2. Crystallographic orientation used in MD simulations. 

Particle type Orientation relationship with aluminum 

ɖ (Lervik et al., 2020) [100]ɖ||[110]Al                 (001)ɖ||(110)Al 

ɗ (Vaughan and Silcock, 1967) [001]ɗ || [110]Al               (100)ɗ || (001)Al 

Al3Fe (Liu and Dunlop, 1988) [010]Al3Fe || [010]Al          (200) Al3Fe || (200)Al 



Ph.D. Thesis-Abhishek Sarmah                   McMaster University-Mechanical Engineering 
 

ту 
 

 

Figure 3.3. A schematic of MD simulation set up for determination of cohesive properties 

of interface. 

The rectangular simulation box was loaded by gradually displacing atoms in the two 

loading directions (shown with red and blue velocity (i.e., displacement rate) arrows) in a 

ramp-like manner. A linear sequential ramping of atoms in the simulation was employed to 

prevent shock wave formation (Zhou et al., 2008). The relative values of Ўὢ and Ўὣ 

determined the mixed mode loading conditions. A more complete description of the loading 

state was given by the loading angle —ȟ expressed as — ÁÒÃÔÁÎЎὢȾЎὣ (Zhou et al., 

2008). Mode I and II loadings corresponded to the angles of 0o and 90o respectively. Due 

to irregular morphology of particles, interfaces are highly likely to experience mixed-mode 

loading. Therefore, simulations were run for each precipitate/matrix combination at loading 

angles of 30o, 45o and 60o. The ŭinterface=σπὃ was used as the interface thickness to calculate 

T-S response of each interface, which was large enough to capture the aggregate behavior 

of the material around the interface, while still being small enough to be representative of 

only the interface and not the bulk material.  
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3.2.3. FE model development 

3.2.3.1. 2D real particle field model 

As noted earlier, particle behavior is intrinsically linked to particle stoichiometry and their 

respective morphology. Therefore, to model micro-mechanical behavior of the particles, 

2D  particle field FE models were created from respective undeformed SEM micrographs. 

The micrographs were discretized into particles and matrix based on pixel intensity using 

an open-source FE analysis software, OOF2, developed by National Institute of Standards 

and Technology (NIST, USA) (Reid et al., 2009). EDS results were used to segregate 

particles into ɖ, ɗ and Al3Fe using a Python script that correlated relative RGB pixel values 

from EDS maps with the spatial particle distribution in the 2D FE model. Zero thickness 

cohesive elements were inserted between particles and matrix to model interface behavior, 

as shown in Figure 3.4. The ROI used for 2D real particle field FE model development, 

consisting of 589 particles, is presented in Figure 3.4. The remaining 5 ROIs were used to 

extract statistical data related to particle fracture, as presented in section 3.2.3.3. 
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Figure 3.4. A composite view of particle field based two-scale FE modelling scheme. 

Due to the highly irregular shape of some of the particles, mesh overclosure was a 

possibility post-decohesion of particles at large strains. To prevent mesh overclosure, one 

element thickness of 1 Õm was assigned to the FE RVEs. Since the thickness direction had 

one element only, the RVE was still an ñeffectivelyò 2D model. A comparative study was 

carried out to analyze the effect of assigned RVE thickness by varying the thickness from 

1Õm to 18Õm (see section A2.1 of Appendix 2). Since the effect of thickness was not 

significant, an RVE thickness of 1Õm was chosen for this study which ensured good aspect 

ratio of elements throughout the mesh. Additionally, 1 Õm thickness elements facilitated 

easier calibration and implementation of Weibull parameters, detailed in Section 3.2.3.3., 

due to same numerical value of particle area and volume. Since the FE-RVE models are 

based on 2D microstructure, they have an inherent drawback of not being able to capture 

the complete experimental 3D morphology of particles.  
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In the current study, due to hourglass-like geometry of the experimental uniaxial tensile 

specimen and large plastic strains involved, the relationship between the straining of the 

ROIs and the applied jaw displacement was non-linear. Therefore, to better capture the 

experimentally observed straining of the ROIs, FE RVEs were embedded on the surface of 

the uniaxial tensile specimen FE model up to a depth of 1Õm. The edges of the RVEs were 

tied with nodes of the neighbouring elements belonging to 3D tensile specimen FE model. 

Uniaxial tensile displacement corresponding to experimental jaw displacement of ~1.6mm 

was then applied to the two-scale FE model of the in-situ sample, rather than directly 

loading the RVE. The RVEs created from SEM micrographs were thus transformed into a 

two-scale 3-D FE model of miniature tensile test specimen, to capture the boundary 

conditions experienced by the ROIs during experimental deformations. 

Cubic structural brick element of type C3D8 with distortion and hourglass control was used 

to model the matrix and the particles, while zero thickness COH3D8 elements described 

each particle/matrix interface. Sufficiently large number of elements in the range 250,000-

300,000 were used to avoid high aspect ratio elements and to capture resulting strain 

gradients with high precision. The particles were assumed to follow linear Hookean 

orthotropic elasticity with elasticity tensor components from the literature in Table 3.3. The 

local particle orientation direction 33 was kept parallel to the loading the direction for all 

particles. The choice of local particle orientation was observed not to be significant. 

Additional details on effect of local particle orientation can be found in section A2.2 of the 

Appendix 2. 
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Table 3.3. Elastic constants of ɖ, ɗ and Fe -rich intermetallic particles. 

Phases C11 

(GPa) 

C22 

(GPa) 

C33 

(GPa) 

C12 

(GPa) 

C13 

(GPa) 

C23 

(GPa) 

ɜ12 ɜ23 ɜ13 

ɖ 

(MgZn2) 

(Mao et 

al., 

2014) 

91.25 91.25 147.59 87.27 28.62 28.62 0.389 00.133 0.133 

ɗ 
(Al2Cu) 

(Zhang 

et al., 

2012) 

163.83 163.83 246.67 78.16 12.72 12.72 0.246 0.333 0.333 

Al3Fe 

(Xia et 

al., 

2019) 

240 240 235 77 52 55 0.275 0.157 0.171 

 

The aluminum matrix was considered a homogeneous and isotropic continuum. As 

mentioned in section 3.2.1, particles smaller than 2Õm2 were not accounted for in the 

current study, due their lower propensity to initiate particle-induced damage. However, the 

smaller precipitates including nanometric precipitates contribute to the strengthening of the 

matrix. To account for this strengthening as well as solution hardening of the matrix, a 

simplification was involved in assuming that the AA7075 matrix macroscopic response was 

similar to that of the aluminum alloy as a whole. Linear elasticity with a Youngôs modulus 

of 71GPa and von Mises plasticity for isotropic continuum solids were used to define the 

behavior of the AA7075-O matrix. Although anisotropic yield criterion such as Hershey-

Hoshford yield surface and Karafillis -Boyce capture yield anisotropy better at large plastic 

strains (Cazacu, 2020), calibration of parameters associated with these yield surfaces 
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requires additional experiments. Therefore, simpler von Mises isotropic yield criterion, 

readily available in ABAQUS, was used in the current study. 

The effect of work hardening because of dislocation interactions with incremental plastic 

strain, was described using a 3-stage Hollomon (power law) fit to experimental equivalent 

stress-strain data (see Eq. 3.3). Figure 3.5 shows the fitted curve to experimental stress-

strain curve. Finally, two different FE models with and without particle damage were run 

and analyzed in the current study. Here on forward, FE model with particle damage will be 

referred to as FE-D while the model with no damage will be referred to as FE-ND. 

„ ὑ‐  

ὑ ςςςȟὲ πȢψχ ᶅ ‐ᶰ πȟπȢπςυ

ὑ τσχȟὲ πȢτς ᶅ ‐ᶰ πȢπςυȟπȢπω

ὑ ςχπȟὲ πȢςφ ᶅ ‐ᶰ πȢπωȟπȢτ

                                 (3.3) 

 

Figure 3.5.  Experimental and 3-stage fitted equivalent stress-strain curve with fitting 

parameters against each stage.  
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3.2.3.2 Constitutive description of particle-matrix decohesion 

The complex morphology of the particles in AA7075-O sheet was expected to cause mixed 

loading along the various particle-matrix interfaces. Therefore, it was imperative to 

establish the relative strengths of the three interfaces under mixed mode loading. A bi-linear 

T-S law to account for the mixed mode interfacial debonding behavior in the form of 

Benzeggagh and Kenane (Benzeggagh and Kenane, 1996) (i.e., B-K constitutive law) was 

utilized (see Eq. (3.4) and Figure 3.6 below). The primary advantage of B-K law is that it 

does not require the determination of peak traction separately for mixed mode regime and 

only requires the work of separation under mixed mode load to be determined. As shown 

in Figure 3.6(b), the condition for initiation of decohesion is a function of ὸ, ὸ and ὸ  

values as follows: 

ộ Ớ
ρ                                                                                                       (3.4) 

ộ Ớ
ḙρ, when †ᴼπ                                                                                                 (3.5) 

where  ộ†Ớ,  † and † are the normal, shear and tangential tractions. ὸ, ὸ and ὸ  are the 

critical maximum tractions initiating decohesion in normal, shear and tangential loading 

regimes respectively. In FE framework, the directions of the tractions are computed relative 

to the mid-plane of cohesive element, which is the plane connecting mid-points of nearest 

neighboring nodes of the two surfaces. Figure 3.6(d) shows a schematic of a generic 

COH3D8 cohesive element connecting two continuum C3D8 elements. The elements in 

Figure 3.6(d) are in an arbitrary deformed state. The mid-plane is highlighted in red and 

directions of tractions relative to the element is schematically represented. The direction of 
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† is always perpendicular to the mid-plane of the cohesive element, while direction of  † 

is given by the projection of the global z-direction on the mid-plane. As such, † can be 

considered ñout-of-planeò in the current work since mid-planes of all cohesive elements 

are parallel to global z-direction. † also lies on the mid-plane of the cohesive elements and 

is mutually perpendicular to † and †. For the 2D FE models, since † is significantly  

smaller than the other components, the condition for initiation of decohesion was simplified 

to Eq. (3.5) by dropping the last term on right of Eq. (3.4). The Macaulayôs brackets around 

the normal stress indicate that only tensile stresses contribute towards initiation of damage 

in the interface. As shown in Figures 3.6(a,c), under mixed mode loading, the work of 

separation required to complete decohesion after initiation damage is a function of ratio of 

work done in shear to total work done for a specific interface as, 

Ὃ Ὃ Ὃ Ὃ ὋȾὋ                                                                                                       (3.6) 

where M is a material parameter resulting from fitting and is unique to each interface pair. 

The parameter Ὃ , a function of the loading angle —, is the total work done by normal and 

shear tractions. The parameter Ὃ is the summation of total work done by normal traction 

and total work done by shear tractions. The parameter Ὃ is the work done by the shear 

traction towards decohesion. It was assumed, for simplicity, that interfaces behave similarly 

in modes II and III loading, i.e., ὸ ὸ  and Ὃ Ὃ . The following key parameters 

were estimated for each interface from MD simulations:  ὸ, ὸ, Ὃ, Ὃ  and M.    
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(a) 

 
(b) 

 
 

 

(c) 

 
 

(d) 

Figure 3.6. (a) Bilinear T-S curves under normal, mixed-mode and shear loading, (b) 

ellipsoidal locus of peak traction at which decohesion initiation, (c) sectional view of 

bilinear T-S curve in mixed-mode loading as per B-K constitutive law, and (d) schematic 

of cohesive element with tractional directions specified. 

The COH3D8 cohesive elements with T-S formulation used to describe the matrix-particle 

interface compute only the traction and separation tensors, instead of stress and strain 

tensors. The separation of a cohesive element is considered equivalent to the displacement. 

Therefore, for ease of numerical implementation and displacement compatibility with 

neighbouring elements, the stiffness of the cohesive elements is defined as the ratio of 

elastic modulus to the thickness of the element, so that the strain computation automatically 

equals the separation.  Therefore, for initially zero thickness elements, a high stiffness value 
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(of the order 108MPa/mm) is usually assigned to keep deformation in the element of the 

same order as in the MD simulations (Gao et al., 2023; Rezaei et al., 2019; Sun et al., 2022). 

Since decohesion in zero thickness elements is insensitive to small changes in stiffness 

value, same stiffness was assigned to all cohesive elements. Moreover, very small 

deformations and no stress computations in the cohesive elements meant that the 

contribution of cohesive elements to the overall model strains and stresses was negligible.  

Finally, it is to be noted that no scale parameter is used in constitutive description of 

decohesion. Decohesion is driven by higher stresses at the particle interface caused due to 

particles impeding matrix flow. As such, larger particles which impede matrix flow more 

significantly, are expected to have a higher propensity for decohesion. Additionally, large 

interface area associated with bigger particles can be expected to facilitate decohesion. 

3.2.3.3 Particle fracture criteria 

A Weibull distribution is well known for describing the fracture characteristics of particles 

in many metallic materials (Hannard et al., 2016; Maire et al., 1997). A Weibull distribution 

can capture the stochastic nature of particle fracture wherein larger the particle, higher is 

the probability of particle fracture. The Weibull distribution equation is expressed as: 

ὴ„ȟὃ ρ Ὡὼὴ                                                                                                       (3.7) 

where ὴ is the probability of particle fracture in the above equation. The stress „ is  peak 

maximum principal stress in a particle of area ὃ whereas  „  is the Weibull stress for which 

~60% of particles  have undergone fracture. The Weibull modulus, ά characterizes the 

scattering in failure data while ὃ  is the mean area for each type of particle. In the present 

work, the above equation was used to fit particle fracture characteristics using a coupled 
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experimental-FE approach. The area, ὃ, used for calibration of Eq. (3.7) for each of the 

three types of particles, is the undeformed initial area, which was calculated using ImageJ 

computer program (Bourne, 2010).  

Exact local strain at which particles undergo fracture was difficult to measure 

experimentally due to Õ-DIC resolution limit. Therefore, a method was devised to obtain 

particle strain from the average matrix strain surrounding the particles and method was 

applied to both DIC and FE matrix strain outputs.  Particle homogeneous strain value, 

PE@DIC, was assumed to be an average value of PEEQ of matrix region surrounding each 

particle that was observed in DIC images to undergo fracture. Similarly, the particle 

homogeneous strain value, PE@FE, was assumed to be an average value of PEEQ of matrix 

elements surrounding each particle that was observed to undergo fracture experimentally. 

Local experimental matrix strain, PE@DIC, surrounding a particle, was calculated from Õ-

DIC strain maps by averaging the PEEQ at four surrounding points in the matrix, before 

and after particle fracture was observed (see Figures 3.1(b) and 3.7). Corresponding FE 

models were created from undeformed microstructures, with particles segregated as per 

stoichiometry based on EDS maps. The FE models created were rigidly bonded with no 

damage definition. The surrounding matrix strain of particles, PE@FE, were tracked by 

taking average PEEQ of matrix elements surrounding each corresponding particle, which 

was observed to undergo fracture experimentally. The surrounding matrix thickness 

considered for calculation of PE@FE was ~0.8-1.2Õm, depending on mesh size. The 

thickness value corresponded to 1-1.5 times of the virtual gauge length used in Õ-DIC strain 

maps. When PE@FEå PE@DIC, the peak maximum principal stress, „, observed inside the 
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particle was considered as the failure criterion for the corresponding particle. The 

experimentalïFE strain map correlation in the context of the present work is illustrated in 

Figure 3.7. To extract sufficiently large number of data points, the process was repeated for 

all particles observed to undergo fracture across 5 ROIs and their corresponding FE models. 

The extracted A and „ values were fitted to the Weibull distribution of Eq. (3.7) to find the 

specific particle type values of „ and ά. 

Using ABAQUS user subroutine, a maximum principal stress failure criterion (MAXPS) 

based on Weibull fit was assigned to each individual particle of different stoichiometry. 

Based on the area of the particle and stoichiometry of the particle, each particle  was 

assigned a MAXPS failure stress by assuming a particle fracture probability of 95%. The 

implementation was done using user subroutine VUMAT and VUSFLD along with Python 

scripting for automating the process.  
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Figure 3.7. Illustration of correlating experimental average surrounding matrix strain with 

the peak MAXPS developed inside a particular particle using a coupled experimental-FE 

approach. 

3.3 Results 

3.3.1 MD results 

The parameterization of the cohesive zone (CZ) parameters given by T-S curve was 

conducted using a bi-linear fit. The key parameters describing interfacial strength extracted 

from the bi-linear T-S curves were the maximum traction, t, at which interface decohesion 

initiates, final separation at zero traction Ў, and the work of separation, G, represented by 

the area under the bi-linear curve. Figure 3.8 shows the T-S curve under Mode I for Al-ɖ 

interface, calculated at a strain rate of 108 s-1. The parameterization of the curve presented 

in Figure 3.8 was carried using Eq. (3.8) after the bilinear fit as 
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Ὃ ὸ Ў                                                                                                                                 (3.8) 

 

Figure 3.8. Bilinear fit to T-S curve calculated using MD simulation. 

 

The MD simulations were run for each interface at strain rates, ʀ, varying from 109s-1 to 

103s-1, with 103s-1 being the limiting strain rate in terms of computational feasibility. The 

effect of strain rate on t and G was well captured by simple exponential semi-log functions 

given in Eqs. (3.9) and (3.10). 

ὸ ὸ ὑÌÏÇ                                                                                                                       (3.9) 

Ὃ Ὃ ὄÌÏÇ                                                                                                                       (3.10) 

where symbols ὸ, and Ὃ are the values of peak traction and work of separation at 

quasistatic strain rate צ, and K, n, B, and C are fit parameters. A strain rate of ʀ 10-2s-1, of 
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the same order as the experiments, was considered as quasistatic strain rate for this study. 

Eqs. (3.9, 3.10) were used to estimate the values of t and G at quasistatic strain rate. 

It is to be noted that t and G values are unique to each interface and represent a measure of 

the load bearing capacity of the interface prior to failure. Table 3.4 presents the resulting 

converged and quasistatic values calculated for the three interfaces. The normal loading 

results, for peak traction and work of separation, indicate that the Al-ɖ interface has the 

highest load transmitting capability, followed by Al-ɗ interface and Al- Fe rich intermetallic 

interface. However, under pure shear, Al-ɗ interface has the most resistance to decohesion 

while Al- Fe rich intermetallic interface still has the least. A more detailed discussion of the 

results is presented later in Section 3.4. 

Table 3.4. Converged and quasistatic estimation of peak traction and work of separation 

extracted from MD simulations. 

Interface Peak traction, ὸ  
(GPa) 

Work of separation, 

Ὃ (N/m or J/m2) 

M 

Al-ɖ ὸ 3.4 Ὃ 3.36 0.327 

ὸ .99 Ὃ  1.15 

Al-ɗ ὸ 1.62 Ὃ 2.066 0.570 

ὸ 1.07 Ὃ  1.845 

Al-Fe rich intermetallic ὸ 1.32 Ὃ 1.193 0.27 

ὸ .71 Ὃ  0.53 

 

The cohesive behavior of all three interfaces was well described by Eq. (3.6). The work 

done for decohesion is plotted as a function of  ὋȾὋ as per Eq. (3.6), and the results of 

relative strengths of the interface across the mixed-mode loading regime are shown in 

Figure 3.9.  
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Figure 3.9. Work of separation for Al-ɖ, Al-ɗ and Al-Fe rich intermetallic interfaces at 

different ratios of ὋȾὋ.  

In Figure 3.9, the ratio ὋȾὋ π  represents a pure normal (Mode I) loading while 

ὋȾὋ ρ indicates a pure shear (Mode II) loading. From the fitted data, the M values for 

Al-ɖ, Al-ɗ and Al-Fe rich intermetallic interfaces were obtained as 0.327, 0.570 and 0.27 

respectively. All the three interfaces had the maximum resistance to decohesion under mode 

I loading. The work of separation necessary to complete debonding decreased gradually as 

the loading regime changed from mode I to pure mode II.  It is interesting to note that Al-

ɗ had the highest overall resistance to debonding under mode II loading with 1.845 J/m2 

required for work of decohesion.  

3.3.2 Particle fracture parameters 

The Weibull distribution parameters as per Eq. (3.7) from the particle failure data are 

presented in Table 3.5. The data was collected from Õ-DIC strain maps, morphological 

analysis and FE predicted maximum principal stress inside particles at the onset of fracture. 

Table 3.5. Weibull parameters for fracture of each type of particles. 
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Precipitate type „ ά R2 

ɖ  1197.9 MPa 4.84 87.8% 

ɗ  1125.4 MPa 7.53 88.9% 

Fe-rich particles 934.4 MPa 7.89 86.5% 

 

It is worth reiterating that values presented in Table 3.5 are not the actual properties of each 

particle stoichiometry, but rather a representation of equivalent particle fracture behavior 

imbedded in AA7075-O matrix. The relatively lower R2 values were expected because 

particle fracture was not exclusively dependent on particle size, as assumed in the Weibull 

representation. Additional features such as far-field stresses, aspect ratio, particle 

decohesion, etc., also influence the propensity of a particle to fracture (Babout et al., 2004a; 

Wilkinson et al., 1997).  

3.3.3 Experimental and FE results 

The total area fraction of particles was ~11.8% (0.75% Fe-rich, 1.26% ɗ and 9.79% ɖ). 

There was a total of 5412 particles with sizes Ó2 ɛm2 across all six ROIs. The ɖ and ɗ 

precipitates and Fe-rich intermetallic particles accounted for 94.3%, 4.4% and 1.3% of the 

total number of particles, respectively. The competition between the two mechanisms of 

particle induced damage is represented in Table 3.6, as percentage of each particle type 

undergoing decohesion and fracture. When the number of particles of each type undergoing 

decohesion were counted, out of the total distribution of that stoichiometry, 47.06% of all 

Fe-rich intermetallic particles were observed to undergo decohesion followed by 15.7% of 
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ɗ precipitates, and only 1.49% of ɖ precipitates. The corresponding percentages for particle 

fracture for ɖ precipitates, ɗ precipitates and Fe-rich intermetallic particles were 2.12%, 

22.31% and 41.12% respectively.  

Table 3.6 presents morphological data of particles undergoing fracture and decohesion. The 

size of particles had the most influence on particle fracture and decohesion for all three 

types of particles. The ɖ and ɗ precipitates with irregular shapes were more likely to 

undergo particle fracture, as evident from higher mean AR of damaged particles in Table 

3.6. In contrast, Fe-rich particles were more likely to undergo damage when compared to ɖ 

and ɗ precipitates. The complete morphological distribution is provided in section A2.3 of 

the Appendix 2. 

Table 3.6: Experimental particle size and shape data on particle fracture and matrix-particle 

interfacial decohesion. 

Particle 

type 

Damage 

type 

% of 

total 

%  of 

each type 

damaged 

Mean values 

Aspect ratio (AR) Size (Õm2) 

T D T D 

ɖ 
Fracture 94.3 2.12 

1.6 
2.04 

5.22 
15.2 

Decohesion 1.49 1.73 9.66 

ɗ 
Fracture 4.4 22.31 

1.68 
1.8 

14.76 
17.4 

Decohesion 15.7 1.86 23.47 

Fe-rich 

particles 

Fracture 1.3 41.12 
1.71 

1.7 
23.52 

28.17 

Decohesion 47.06 1.74 29.61 

Legends: T- Total ; D - Damaged ; Fracture - particles undergoing fracture; Decohesion 

- particles undergoing decohesion. 
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Figure 3.10(a) shows the load displacement responses of experimental, and FE simulated 

uniaxial tensile loading of a miniature in-situ sample. Reasonably good match was observed 

in terms of macroscopic response of the simulated curve. The drops in the experimental 

curve corresponded to the stress relaxation accompanying each interruption. However, 

further deformation after resumption of loading did occur along the prior load trajectory. 

Four stages (A), (B), (C) and (D) corresponding to increasing plastic strain, in the load 

displacement curve, were considered in this study to observe the evolution of particle 

damage with strain. Stages (A) and (B) correspond to deformation prior to reaching 

ultimate tensile strength (UTS) of the material, while stage (C) corresponds closely to the 

UTS. The stage (D) corresponds to the necked regime, the last experimentally captured 

stage before fracture. Figure 3.10(c,d) presents the simulated RVE response (i) with no 

damage considered in the model (FE-ND) and (ii) with damage in the form of both particle 

fracture and particle decohesion (FE-D). Figure 3.10 (b) compares the local ROI Ůxx with 

respect to the jaw displacement. It can be observed that local straining is accelerated post-

UTS, which is a consequence of the hourglass-like geometry of the uniaxial tensile 

specimen. In Figure 3.10 (c), true stress-strain curves for the RVEs are compared with 

experimental response of AA7075-O sample. Since AA7075-O does not show significant 

post-UTS elongation, the experimental true stress does not capture the local softening due 

to particle induced damage. However, the FE-RVEs undergo significant plastic deformation 

post-UTS, as can be seen from Figure 3.10 (b).  As a result, additional particle induced 

damage is observed in the material locally. Therefore, FE-D model shows significant 

softening due to particle induced damage and strain localization. Another contributing 
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factor in softening observed is the usage of 2D FE model, which tends to overestimate both 

softening and hardening phenomena. In the absence of damage, the particles and interface 

remain intact and fully resist matrix flow causing strengthening. Therefore, FE-ND shows 

hardening response and only at large plastic strains, mild softening is observed because of 

severe strain localization. As expected, decohesion and particle fracture tends to weaken 

the overall response of the RVE. Additionally, homogenized RVE Mises stress was 

calculated using iso-strain weighted volume average principle given by Eq. (3.11) and the 

two RVE responses are compared in Figure 3.10(d).  

ộ†Ớ †᷿ Ὠὠ             (3.11) 

In Eq. (3.11), ộ†Ớ is the homogenized stress tensor and ὠ is the RVE volume. †  is the 

stress tensor for each continuum element computed at the centroid of the element and Ὠὠ 

is the volume of the corresponding element. ộ†Ớ describes the stress state of the whole 

RVE at each stage of deformation. The components of ộ†Ớ  were used to compute 

homogenized Mises stress of the RVE for each deformation step. Homogenized Mises 

stress has higher sensitivity to local stress unloading because of damage or severe strain 

localization and is a good measure to compare responses of different RVEs. In Figure 3.10 

(d), a lower hardening response of FE-D can be observed from an early stage. This lower 

hardening response indicated early initiation of particle-induced damage in the model 

which restricts the ability of damaged particles to strengthen the matrix. At higher strains, 

the local stress relaxation accompanying particle induced damage facilitated formation of 

severe localized deformation bands which caused significant softening compared to the FE-
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ND case. The relationship between local matrix stresses and particle damage is further 

discussed in Section 3.4. 

(a) 
 

(b) 

 
(c) 

  
(d) 

Figure 3.10. (a) Load-displacement curve of experimental and simulated uniaxial tensile 

loading of in-situ uniaxial tensile test specimen (b) Comparison of experimental and 

simulated variation Roi strain as function of jaw displacement. (c) True stress-strain 

comparison of bulk AA7075 material, FE-D and FE-ND (d) Comparison of homogenized 

stress Mises stress response of FE-D and FE-ND. 

The percentage of particles undergoing fracture and decohesion from experiments and 

simulations as a function of ROI strain, ROI Ůxx, is presented in Figure 3.11(a,b). The 
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simulations were able to capture the experimentally observed competition between fracture 

and decohesion for the different particles quite well. The stages (A), (B), (C) and (D) 

correspond to the same stages of deformation as marked in Figure 3.10(a). It can be 

observed from Figure 3.11(a,b) that Fe-rich particles tend to undergo fracture and 

decohesion early and exhibit a plateau at higher applied strains. Failure of ɗ and ɖ 

precipitates is relatively delayed when compared to Fe-rich particles, with more ɗ and ɖ 

precipitates undergoing fracture and decohesion at larger strains. The percentage of ɗ and 

ɖ precipitates fracturing marginally dominates particles undergoing decohesion. The high 

percentage of decohesion and fracture in Fe-rich particles mean that few Fe-rich particles 

undergo both decohesion and fracture, a feature not frequently observed in ɖ and ɗ 

precipitates. Moreover, the discrepancy between experimentally observed and Fe predicted 

results was the highest for Fe rich particles. It may be attributed to significantly lower 

number of Fe-rich particle available for both calibration and validation. FE model was 

observed to slightly overestimate both particle fracture and decohesion for all the three 

particle types, which is likely due to the limitations of 2D FE models. Due to lower overall 

stiffness of 2D particles, particle failure was enhanced in FE models compared to the 

experimentally observed results.  
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(a) (b) 

Figure 3.11. Cumulative percentage of particles undergoing, (a) fracture, and (b) debonding 

with increasing ROI strain.  

Figures 3.12-3.15 compare the experimental and FE based equivalent plastic strain (PEEQ) 

maps at ROI strain values corresponding to positions (A), (B), (C) and (D) in Figure 3.11. 

At stage (A) corresponding to ROI Ůxx of 0.06, Figures 3.12(a) shows the Õ-DIC PEEQ 

maps while Figures 3.12(b,c) show the PEEQ strain maps for the corresponding FE-D and 

FE-ND simulations respectively. Reasonably good agreement between experimental strain 

maps and FE strain maps can be observed. The strain was evenly distributed across the 

matrix with small pockets of strain gradients close to particles. Minor differences in the 

results of FE-D and FE-ND were due to higher matrix strain closer to the particles 

undergoing damage. Material damage at this stage was primarily driven by fracture and 

decohesion of Fe-rich particles, although few larger sized and irregular ɗ and ɖ were also 

observed to fail. Figure 3.12(d) shows the stress-strain history of matrix in the vicinity of 

the two Fe-rich particles identified in Figure 3.12(b). Particle 1 exhibited fracture while 
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particle 2 underwent fracture followed by decohesion. Sharp drops in the surrounding 

matrix stress characterized both particle decohesion and fracture of the two particles can be 

observed. The drop was caused by stress relaxation due to energy release associated with 

particle failure.  

 

Figure 3.12. PEEQ strain maps from experiments and FE simulations from stage (A) with 

an applied Ůxx of 0.06;  (a) Õ-DIC results with failure of two Fe-rich particles (highlighted 

with boxes around them), (b) corresponding FE-D results with two Fe-rich particles 

undergoing failure (also highlighted with boxes around them), (c) FE-ND results, and (d) 

FE-based local surrounding matrix Mises stress ï strain response to failure of the two Fe-

rich particles identified in (b).  In Figure (d), the cohesive elements around the particles are 

also shown. It is to be noted that PEEQ strain scale bar is applicable to all the strain maps 

shown in the figure. 
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At stage (B), which corresponds to ROI Ůxx of 0.093, narrow localized deformation bands 

were observed in both experimental and FE strain maps (Figures 3.13(a-c)). The particle 

failure was relatively homogeneously distributed within the microstructure with more ɗ and 

ɖ precipitates observed to undergo damage. The damaged particles were associated with 

localized deformation bands in the matrix. The voids associated with previously damaged 

particles were observed to grow, and especially the voids associated with Fe-rich particles. 

The stress-strain response of matrix surrounding the damaged ɗ precipitates, identified by 

boxes in Figure 3.13(b), are plotted in Figure 3.13(d). Associated matrix stress was higher 

for damaged ɗ precipitates compared to Fe-rich particles in Figure 3.12(d). Similarly, at 

stage (C), which corresponds to ROI Ůxx of 0.142, severe localization of strain was observed 

in a few deformation bands close to the larger damaged particles in experimental and FE-

D maps (Figure 3.14(a-c)). However, the difference in predicted strain maps from FE-D 

and FE-ND simulations is now substantial. Although localized strain is observed close to 

larger particles in FE-ND strain maps, no severe localized bands were developed in this 

case (Figure 3.14(c)). The damaged ɖ and ɗ precipitates are mostly associated with 

localized deformation bands. Additionally, the surrounding matrix Mises stress history of 

two damaged ɖ precipitates identified in Figure 3.14(b) are plotted in Figure 3.14(d). The 

surrounding stress at which fracture and decohesion is observed is highest for ɖ precipitates 

compared to the other two precipitates. 
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Figure 3.13. PEEQ strain maps from experiments and FE simulations from stage (B) with 

an applied Ůxx of 0.093;  (a) Õ-DIC results with failure of two Fe-rich particles (highlighted 

with boxes around them), (b) corresponding FE-D results with two Fe-rich particles 

undergoing failure (highlighted with boxes around them), (c) FE-ND results, and (d) FE-

based local surrounding matrix Mises stress ï strain response to failure of the two ɗ 

precipitates identified in (b).   

 


































































































































































