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Abstract

Metallic heterostructured materials (HSMs) are composed of multiple
heterogeneous zones. These zones can be made of various phases of the same
constituent metallic element with different grain sizes or can consist of different
metals. Through the suitable design and synergistic integration of various
phases/metallic compositions, HSM components can be developed to exhibit
beneficial and tailored structural and functional properties at predetermined
locations, such as an enhanced balance of strength and ductility, higher wear
and corrosion resistance, higher thermal conductivity and reduced coefficient
of friction. While such advanced structural configurations have been shown to
be beneficial in numerous scientific reports and heterogeneous deformation has
been widely proven to provide extra strengthening in heterostructured metallic
materials, the explicit modelling of underlying plasticity mechanisms for HSMs
at both grain and sample levels remains a challenge for the scientific
community.

In this context, the focus of this Thesis is on developing numerical frameworks
to investigate the strengthening mechanisms and underlying damage evolution
of HSMs. To start with, the research presented in Chapter 3 proposes a
methodology to compute explicitly the plastic strain gradient value in real time
at every simulation iteration within a three-dimension strain gradient modified
Johnson-Cook (JC) computational framework to capture size effect. The
advantages of this method are that 1) no calibration from experimental data is
required, 2) it is intrinsically physically based, as not restricted to any material
deformation scenarios, and 3) it provides practitioners with the means to extend
existing continuum-based models for the simulation of material behaviour on

the microscale when both size and strain rate effects are present. The proposed
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approach was shown to agree well with experimental data reported in the
literature on the deformation of microscale copper wires in both tension and
torsion.

In Chapter 4, a novel 3D numerical framework for heterostructured laminates
(HSLs) is proposed by considering the evolution of various types of dislocations
and back stress while being coupled with the JC damage criterion. Overall, a
good correlation between numerical and experimental results was achieved
under indentation and uniaxial tensile loading scenarios. Through the
evaluation of the damage accumulation factor, the simulations results yielded
quantitative information which aligned with the following known experimental
observations: 1) the smaller the layer thickness, then the smaller the internal
damage and 2) the internal damage increases with the increase in volume
content of the nanograined (NG) layer. For a set simulated strain of 10%, it was
also shown that the damage accumulation factor in the NG layer was 10 times
lower than that in its counterpart, i.e., a stand-alone NG layer not sandwiched
between two coarse grained (CG) layers.

The research presented in Chapter 5 reports on the development and testing of
a novel non-local crystal plasticity finite element model (CPFEM) to simulate
the deformation of HSMs. This model explicitly includes geometrically
necessary dislocations (GNDs), back stress hardening and damage criterion and
does not rely on a homogenisation scheme. This approach enables the
numerical investigation of dislocation-mediated plasticity simultaneously at
both grain and sample levels. The model was validated against experimental
data when simulating the deformation of a bi-layered high entropy alloy (HEA).
The obtained results aligned well with experimental findings. In particular, the
simulations confirmed that shear bands (SBs) preferably propagate along grains
sharing similar orientation while causing severe damage and grain rotation.

In the last part of the thesis, presented in Chapter 6, the research investigated
the strengthening mechanisms and fracture modes in HSLs through a full-field

non-local CPFEM framework and incorporated progressive continuum damage
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mechanics (CDM) model for crack initiation and propagation. The constitutive
model was validated with simulated homogenous Twinning-Induced Plasticity
(TWIP) steel and Maraging steel specimens before being applied to the
TWIP/Maraging steel laminates. It was observed that the non-local CPFEM-
CDM model based on maximum slip accurately captured the typical brittle and
ductile damage of stand-alone Maraging and TWIP steels, respectively. It was
further found that, when contained in a HSL configuration, the hard Maraging
layer exhibited a fracture process of void nucleation, coalescence and
propagation, hence displayed a brittle to ductile fracture trend, which is in stark
contrast to the stand-alone Maraging layer where a typical brittle fracture was
observed.

In summary, the modelling frameworks developed in this Thesis provide a
solid theoretical framework for the future design of HSMs to achieve optimal
strength-ductility balance and to predict potential crack nucleation sites and

SBs evolution in such materials.
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Chapter 1 Introduction

1.1 Motivation

Metallic HSMs consist of multiple zones of different metals or of various phases
of the same constituent. These zones typically display different grain sizes and
significant variation in their mechanical properties (Ji et al., 2023; Zhu & Wu,
2023). While conventional metallic materials can be engineered to exhibit some
degree of heterogeneous microstructure, the distinguishing characteristic of
HSMs lies in the significant synergistic effect that results from the interactive
coupling of their heterogeneous zones. Heterostructured laminates (HSLs),
gradient, bi-modal grain size distribution and metal matrix composite
structures are examples of such class of materials (Zhu & Wu, 2023). The
mechanical properties of metallic HSMs largely exceed those predicted by the
rule-of-mixtures of the properties of individual constitutive zones (Zhu & Wu,
2023). Under load, such materials also exhibit important hetero-deformation
induced (HDI) synergistic strengthening (Zhu & Wu, 2023). Many studies have
revealed that GNDs are essential features of the micromechanics of HSMs
subjected to various loading conditions (Fu, Huang, et al., 2022; Fu et al., 2023;
Zhang, Zhao, et al., 2023). Heterostructures lead to strain partitioning between
the harder and softer regions and in this case, an applied uniaxial strain is
converted into multiaxial strains, activating multiple slip systems and
encouraging dislocation hardening. SBs are also considered as an important
feature of strain localisation in heterostructures (Chen & Li, 2021; Wang, Huang,
Li, Guo, et al., 2020; Wang, Huang, Li, Fang, et al., 2020). The microstructure of
such materials dominates the deformation mechanisms and the resulting
macroscopic mechanical response (Zhu & Wu, 2023).

For this reason, understanding the deformation mechanisms at play and their

1



contribution on the microstructural level is key to correlating microstructure
with mechanical properties. However, existing investigations towards this
endeavour have been mostly experimental and primarily focussed on the
processing and macroscopic mechanical behaviour of HSMs (Fu, Li, et al., 2022).
Thus, it is contended that complementary simulations and theoretical
investigations are essential to advance the understanding of underlying
microscopic mechanisms, particularly to discern the influence of distinct
hardening effects, as these phenomena are not readily isolatable or observable
through experimental approaches alone.

All motivations behind the work reported in this Thesis are ultimately focussed
on investigating the deformation characteristics of HSMs where size effect,

dislocations, SBs play dominant roles.

1.2 Research aims and objectives

As introduced above, this Thesis proposes to develop computational
frameworks on different length scale for conducting a number of numerical
simulations, i.e. mechanism-based strain gradient plasticity (MSGP), FEM,
CPFEM, on metallic HSMs with the overall aim to investigate the sources of
strengthening of HSMs. The specific objectives of this research include:

I.  To numerically study the size effect existing in the uniaxial tensile
experiments of microscale copper wires with a view to provide the
micro-machining community with a numerical tool for the prediction
of size effect.

II. To quantitively investigate the contribution of strengthening
mechanisms and explore the effect of layer thickness and NG volume
fraction on the strengthening of copper laminates.

III.  Toinvestigate the non-local CPFEM as a numerical method to explore

underlying mechanisms responsible for strengthening of bi-layered

HEA.



IV. To investigate the fracture characteristics of HSLs, and also to
investigate associated deformation mechanisms induced by

heterogeneous deformation via a non-local CPFEM-CDM model.

1.3 Outline of the Thesis

The remaining Chapters of this Thesis are organised as follow:

Chapter 2: This Chapter reviews the relevant literatures about the development
of HSMs, especially computational efforts. The use of numerical methods, i.e.
molecular dynamics (MD), discrete dislocation dynamics (DDD), CPFEM,
homogenized FEM and analytical methods for the investigation of HSMs to
promote their optimization and applications are also discussed. Finally, several
knowledge gaps in the specific field of numerical modelling of HSMs are
presented.

Chapter 3: This Chapter addresses the first objective of the work by
investigating the uniaxial tensile response of microscale copper. A mechanism
strain gradient plasticity (MSGP)-modified JC model is developed to predict the
size effect within the material, including strain rate effect.

Chapter 4: This Chapter addresses the second objective, focusing on the study
of the strengthening mechanisms of copper laminates. The contribution of
different mechanisms to the strengthening is quantified and discussed first.
Importantly, the mechanisms driving the strengthening of copper laminates are
discussed based on the developed multiple mechanisms based numerical
framework. In addition, the effect of layer thickness and NG volume fraction
are investigated.

Chapter 5: This Chapter addresses the third objective. It reports the
investigation into the response of bi-layered HEA fabricated via laser shock
peening (LSP) with the considered mechanisms including size effect. This
Chapter also discusses the interactions between grain misorientations, GNDs,

SBs and damage.



Chapter 6: This Chapter addresses the last objective. It presents a numerical
study investigating the influence of strengthening mechanisms on the fracture
characteristics of TWIP/Maraging steel laminates, namely GNDs, stress
partitioning, and shear banding behaviour.

Chapter 7: This Chapter provides a comprehensive summary of the key
conclusions and contributions of this Thesis, emphasizing its significance
within the broader research context. Additionally, it offers recommendations
for future work, aims at advancing the field and addressing the limitations

identified in this study.



Chapter 2 Literature review

To achieve the research objectives outlined in Chapter 1, a comprehensive
understanding of various research domains is essential. These include the
fundamental characteristics of HSMs, the integration of MSGP and JC models,
as well as the numerical modelling of HSMs. Consequently, this Chapter
presents a detailed review of the existing literatures on HSMs, focusing on the
application of numerical methods to explore the underlying strengthening
mechanisms.

The Chapter begins by discussing the development of HSMs, with a particular
emphasis on HSLs. It then examines the numerical investigation of HSMs using
various methods across multiple length scales, including MD, DDD, CPFEM.
Finally, the Chapter identifies key knowledge gaps, specifically in the
application of numerical techniques for elucidating the strengthening

mechanisms of HSMs.

2.1 The development of HSMs

Examples of metallic HSMs include heterogeneous structured laminates
(HSLs), gradient, bi-modal grain size distribution and metal matrix composite
structures as shown in Figure 2.1. Importantly, such zones display significant
differences in their respective mechanical or physical properties (Ji et al., 2023;
Zhu & Wu, 2023). While it is well-known that conventional metallic materials
can be engineered to exhibit some degree of heterogeneous microstructure, the
distinguishing characteristic of HSMs lies in the significant synergistic effect
that results from the interactive coupling of their heterogeneous zones. This
effect is significant in the sense that the mechanical or physical properties of
metallic HSMs largely exceed those predicted by the rule-of-mixtures (ROM) of

the properties of the individual constitutive zones.
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Figure 2.1: Structural and chemical gradients in typical metals and alloys.
Structural gradients involve gradients in grain size, lamellar thickness, and twin
thickness. Chemical gradients involve gradients in phase, chemical composition,
and precipitate. Both structural and chemical gradients can coexist (Ji et al.,

2023).

HSLs have been reported to display excellent material properties and the
potential to achieve an advantageous strength-ductility trade-off (C. X. Huang
et al., 2018; J. Li et al.,, 2019; Liang et al., 2019; Ma et al., 2016). The interesting
property of HSLs originates from the synergy between the successive coarse
grained (CG) and NG components as the CG layer exhibits remarkable ductility
but low yield strength, while its NG counterpart is associated with reduced
ductility but increased yield strength (Zhao et al., 2022). When under strain, this
significant difference in the mechanical response between layers leads to the
formation of interface affected zones (IAZs). More specifically, an IAZ, which

is located near the interface in a CG layer, exhibits a large number of

6



dislocations and resulting back stress. The size of an IAZ is typically on the
order of 5 pm to 6 pm (C. X. Huang et al., 2018), or the size of a coarse grain
(Zhao, Zaiser, et al.,, 2021), and is believed to play a crucial role in the
strengthening of such laminate materials. It was also reported that the tensile
yield strength of HSLs increases significantly with decreasing layer thickness
(C. X. Huang et al., 2018). However, its uniform elongation was found to be non-
monotonic and changes as a function of layer thickness (C. X. Huang et al., 2018;
Kiimmel et al., 2016; Ma et al., 2016; Ma et al., 2015). This means that there is an
optimum value for the layer thickness of HSLs and more systematic studies are
required to identify such ideal design configuration depending on the specific
material, or combination of materials, considered in such composite laminates.
When studying the strengthening behaviour and attempting the quantitative
prediction of the laminate properties, the rule of mixture (ROM) has generally
been adopted by the research community (Ma et al., 2015; Nyung Lee & Keun
Kim, 1988; Semiatin & Piehler, 1979; Zhao, Lu, et al., 2021). However, it should
be noted that only the parameters CG and NG volume contents are considered
when implementing the ROM method and the actual layer thickness is not
taken into account. As a result, for a given ratio of volume content, the outcome
of the ROM method is constant regardless of the change in layer thickness. This
is a limitation of the ROM approach because, as reported in the experimental
data from Huang and co-workers (C. X. Huang et al., 2018), the tensile strength
of HSLs depends on the layer thickness for a given volume content. In addition,
the ROM method is only applicable when the layer thickness is relatively large
and the volume content of the IAZs is negligible (Ma et al., 2015). Besides, a
larger hardening than that predicted by the ROM method was observed by Ma
et al. (Ma et al., 2015). Thus, it is argued that there is still a need for further
research to develop our understanding and modelling of the underlying
strengthening mechanisms and the evolution of internal damage in HSLs such

that the optimum design of these types of composite structures can be achieved.



2.2 Experimental investigations on HSMs

A number of experimental efforts have been reported in the literature to study
the structural properties of HSMs (Liang et al., 2019; Zhao et al., 2022). Such
investigations include that of Ma and co-workers who fabricated HSLs using
high-pressure torsion, rolling and annealing (Ma et al., 2015). These authors
found that different volume content of the NG layers and the resulting IAZs
were crucial in determining the tensile deformation behaviour of HSLs. In
addition, Huang et al. further investigated the deformation mechanism of HSLs
using an in-situ micro tensile set-up combined with digital image correlation
(DIC) technique (C. X. Huang et al., 2018). These authors found that the
thickness of the layers should be about twice that of the IAZs to achieve optimal
design in terms of strength-ductility trade-off.

More generally, the fabrication of HSMs includes bonding/joining of different
materials (Kasaei et al., 2023; Meschut et al., 2022) or introduction of external
factor to produce region with different grain size/phase. Depending on the
significant difference in mechanical properties or physical properties, the HSMs
can be further classified into structural and functional. Apart from the balanced
strength-ductility, fracture resistance introduced before, the HSMs also bear
advantages of being feasible by numerous thermomechanical large-scale, low
cost processing techniques (Romero-Resendiz et al., 2023). Many different
manufacturing methods are adopted to manufacture such HSMs such as severe
plastic deformation (SPD) (Valiev et al., 2022) including equal channel angular
pressing (ECAP), high pressure torsion (HPT), accumulative roll-bonding
(ARB) etc. One fundamental advantage of Severe Plastic Deformation (SPD)
techniques is the production of various scales of HSMs without the necessity
for alloying elements or employing materials ranging from single-phase to
multi-phase compositions. (Kasaeian-Naeini et al., 2022). A review of different
processing methods and microstructure-property relationships focus on

heterostructured stainless steel (HS SS) is provided in (Romero-Resendiz et al.,



2022).

Conventional methods such as SPD techniques are widely adopted for the
manufacturing of HSMs as above mentioned. However, the obtained products
usually have complicated residual deformation microstructure and strong
deformation textures (Ma & Zhu, 2017). Moreover, it is difficult to fabricate
HSMs with complex geometries and desirable spatial distribution of materials
(D. Wang et al, 2022) using conventional methods. Currently, most
conventional techniques, whether they are bottom-up (such as physical vapor
deposition, electrodeposition) or top-down plastic deformation techniques
(such as surface plastic deformation), result in HSMs that often struggle to meet
the dimensional requirements for engineering applications. Hence, the
limitations of preparation techniques pose significant challenges for the
industrial application of HSMs.

Recent progress in additive manufacturing (AM) enables practitioners to
purposely design inhomogeneous composition and complex geometry in an
otherwise single-phase metal on a relatively large scale. AM can achieve high
design freedom and flexibility in manufacturing HSMs using layer by layer or
point by point principle on the micro/submicron scale, which makes it an ideal
candidate for the precise control of spatial material distribution. However, there
are currently some challenges in AM of HSMs, specifically, the powder delivery
system, data preparation of HSMs before printing (D. Wang et al., 2022), process
simulation, powder cross contamination/reaction and recycling, partially
melted powder (Fan et al., 2023), material-structure-performance integrated
prediction (Gu et al., 2021). To date, numerous efforts have been spared on AM
of HSMs. The mechanical properties and deformation mechanisms of gradient
nanostructures were reviewed in (Li et al., 2020). A more recent review is
provided in (Ji et al., 2023) with a focus on AM methods. A review on AM of
heterogeneous metallic parts is provided in (Karthik & Kim, 2021).



2.3 Analytical modelling

The analytical method is a systematic approach to solving problems by
breaking them down into smaller, manageable components. It involves the
application of mathematical, logical, and theoretical principles to derive
solutions or gain insights into a problem. This method is often used to simplify
complex systems, enabling precise and predictable outcomes, and is widely
employed in fields such as engineering, science, and economics. Yuan and Du
developed an analytical model for heterogeneous laminates and revealed their
hardening mechanism (Yuan & Du, 2020). Another analytical model for
gradient-nanostructured 304 stainless steels was proposed by Zhu and co-
workers by taking into account the depth-dependent grain size and nano scale
structure. The predictions obtained by these authors agreed well with
experimental results in terms of yield stress, ductility and strain hardening rate.
In spite of this, analytical methods have typical limitations for investigating the
spatial distribution of field variables and are restricted to the modelling of
relatively simple deformation scenarios. Some other researchers adopted the
rule of mixture (ROM) (Li et al., 2017) to investigate the mechanical properties
of polycrystalline materials. However, an under-estimation in strength is
reported in this case because interactions between grains are excluded (X. Wu

etal., 2014).

2.4 Numerical investigations on HSMs

To complement experimental research, numerical methods stand as a valuable
tool for quantitatively establishing connections between microstructure and the
macroscopic mechanical response of HSMs, as well as for fine-tuning their
microstructural arrangement. Furthermore, the plastic deformation of HSMs
contains complex interactions coupled across various length scales. This scale-
coupling calls for multiscale frameworks to effectively investigate the

mechanical behaviour of such materials. Therefore, the systematic investigation
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of dislocation behaviour within heterostructures is an important scientific
endeavour, which entails conducting thorough numerical investigations
coupling multiple mechanisms. Different numerical tools at various length
scales have been adopted by the research community to attempt such studies
on heterostructured materials, including MD, DDD, CPFEM/FEM and

analytical methods.

2.4.1 Strain gradient plasticity

The development of small scale and miniaturised devices over the past few
decades has triggered a significant growth in the development of
manufacturing processes for the fabrication of microscale components and the
generation of sub-micrometre surface structures (Lai et al, 2008). The
production of small scale parts and features may rely on processes, such as
micro forming and micro mechanical machining, for which the plastic
deformation of the bulk material is not only affected by high strain rates but
also by the well-documented “size effect” as the volume of the strained region
reduces (Joshi & Melkote, 2005, Wang et al., 2015). For metallic materials in
particular, it is known that an increase in strain rate results in a hardening
behaviour, while the size effect has also been reported to lead to such an
increase in flow stress. In this context, well-defined mechanical properties at
macroscopic level no longer apply for the simulation of material behaviour on
the microscale because of the non-linear evolution of these properties with the
reduction in dimension of the strained volume. In other words, this means that
a typical constitutive material model, such as the Johnson-Cook model (Johnson
& Cook, 1985), which is widely used by practitioners on the macroscale,
becomes less suited to simulate strain rate dependent microscale phenomena
because it does not account for the size effect.

Undertaking mechanical tests on small specimens, where the dimension of the
strained region is relevant to plastic deformation-based micro fabrication

processes, is one possible way to re-evaluate and calibrate material parameters
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of the JC constitutive model. A number of experimental research efforts have
been reported in the past 30 years to investigate material properties on small
scales, i.e., typically in the range from a few hundred nanometres to a few tens
of micrometres. This body of knowledge, which includes the investigation of
material properties in tension (Kiener et al., 2008; Kiener et al., 2006; Molotnikov
et al., 2008), torsion (Guo et al., 2017; Lu & Song, 2011), compression (Li et al.,
2022; Q. Liu et al., 2021), fracture (Peng et al., 2012) and fatigue (Huang et al.,
2020; Yan et al., 2020) on small scales suggests that microstructure evolution can
be caused by size effect, strain rate effect and temperature. For example, Hou et
al (Hou et al., 2022) found that the ultimate tensile yield stress of micro-scale
pure copper becomes weaker with a decreased diameter while the yield stress
increased. El-Deiry and Vinci (El-Deiry & Vinci, 2001) reported variations of the
effective moduli of microscale Al and Cu wires at different strain rates. Chang
et al (Chang et al., 2022) prepared micro-size copper fibres using cold drawing
and a ‘smaller but stronger effect’ was observed with the conducted tensile
tests. The reduced grain size and preferred texture orientation caused by cold
drawing were attributed to this hardening effect. Fleck and co-workers (Fleck
& Hutchinson, 1993; Fleck et al., 1994) and Liu and co-workers (Liu et al., 2013;
Liu et al., 2012) reported different amplitudes of size effects in microscale
copper wires in tension and torsion experiments under quasi-static strain rates.
Liu et al (Q. Liu et al., 2021) pointed out that the structural evolution of AISI
1045 steels presented a strong strain rate effect, which in turn should influence
material behaviour on the microscale. Overall, the research reported above
shows that material behaviour at small scales under dynamic loading can be
quite different from that under quasi-static loading. In addition, it is fair to say
that while experimental approaches are important, conducting microscale tests
in a reliable manner under high strain rate scenarios is a challenging task to
achieve in practice. Indeed, such tests are associated with implementation
complexity and the general limited availability of equipment outside specialist

research facilities.
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For these reasons, numerical methods can be a useful complementary tool to
experimental investigations for predicting the response of microscale
specimens to plastic deformation for a range of processing scenarios, such as
those under high strain rate conditions. Various numerical tools, which include
molecular dynamics (MD) (P. Fan et al., 2022; Geng et al., 2015; Goel et al., 2017;
Liang & Zhou, 2004), crystal plasticity finite element method (CPFEM) (Lin et
al., 2020), discrete dislocation dynamics (DDD) (Lu, Kan, et al., 2022;S. Lu et al.,
2019), and multiscale approaches such as finite element combined with
atomistic method (FEAt) (Kohlhoff et al., 1991), bridging scale method (BSM)
(Wagner & Liu, 2003), coupled atomistic and discrete dislocation plasticity
(CADD) approaches (Miller et al., 2004) and quasi-continuum (QC) method
(Tadmor et al., 1996), have been developed to model and investigate the
behaviour of strained material at such small scales. The general limitation of
these methods mainly lies in the complexity associated with their
implementation and in some cases, with the adoption of spatiotemporal scales,
which do not reflect actual deformation conditions. For example, the strain rate
involved in MD simulations can be unrealistically high, such as 107 s to 10 s-1
(Peng et al., 2012). Besides, the necessity to acquire specific material properties
on the atomistic scale can be a further limitation of these simulation techniques.
In contrast, the low order mechanism-based strain gradient plasticity theory
(MSGP) (Huang et al., 2004) can be employed to alleviate the issues associated
with the aforementioned numerical methods. More specifically, MSGP is
relatively straight forward to implement within a continuum-based modelling
framework for simulating plastic deformation on realistic space and time scales
(Voyiadjis & Song, 2019, 2020). As a result, MSGP has been employed to
simulate a wide range of processes where inhomogeneous plastic flow is
present within a small strained region such as in indentation (Backes et al., 2009;
Ding et al., 2021; Harsono et al., 2011; Qu et al., 2006; Tang et al., 2021), wire
drawing (Byon et al., 2009), blanking (S. Wang et al., 2017) and fracture

(Martinez-Pafieda & Betegon, 2015; Qu et al., 2004; Wu et al., 2023) and also in
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specific material structures such as metallic composites (Zhang et al., 2007) and
gradient structured metals (Cheng et al., 2023; Y. Zhang et al., 2020). At the same
time, it should be noted that most MSGP-based simulations are rate
independent. Consequently, this does not truly reflect the nature of plastic
deformation conditions under certain microscale scenarios and particularly in
the context of microscale manufacturing processes, such as forming and
mechanical machining. At the same time, and as mentioned above, the classical
Johnson-Cook (JC) constitutive material model, which based on continuum
mechanics and which takes into account of varying strain rate and temperature
conditions, has been used widely and shown to be robust in the modelling of
conventional metal-based deformation processes.

In this context, the prospect of combining the strain gradient plasticity and the
JC theories would seem to be a natural and promising avenue of investigations
to simulate the plastic flow of microscale specimens under high strain rate
conditions. This approach has only been adopted by a few researchers until
now. More specifically, Wang (Wang, 2007) included the gradient plasticity
model of second and fourth order in the JC model analytically. In addition, this
approach was followed by Lai et al (Lai et al., 2008), Khandai et al (Khandai et
al., 2022) and Fan et al (Y. Fan et al., 2022b) in the modelling of microscale
machining; by Chakrabarty and Song (Chakrabarty & Song, 2020) for the
numerical simulation of the cold spray process; and by Guo and co-workers
(Guo et al., 2016; Guo et al., 2015) for the simulation of the ballistic performance
of nanostructured metals. The majority of these endeavours accounted for the
strain gradient by introducing ‘strain gradient correction terms’. This means
that the value of the plastic strain gradient was considered either to be constant
and or expressed as a function of the specific problem investigated. Indeed, Guo
and co-workers derived the plastic strain gradient value from experimental
calibration (Guo et al., 2016; Guo et al., 2015), while Lai et al (Lai et al., 2008),
Khandai et al (Khandai et al., 2022) and Fan et al (Y. Fan et al., 2022a) based its

determination on the length of the primary machining deformation zone.

14



Finally, when considering the cold spray process, Chakrabarty et al
(Chakrabarty & Song, 2020) related the strain gradient value on a flattening
parameter. In the present research, it is argued that there are two issues
associated with this specific body of literature which attempted to combine the
strain gradient plasticity and the JC theories. First, considering the plastic strain
gradient to be a constant value as in is likely not a fully robust approach from a
physical viewpoint. Second, the approach of determining the value of the
plastic strain gradient based on specific material deformation scenarios, as
exemplified in (Chakrabarty & Song, 2020; Y. Fan et al., 2022a; Khandai et al.,
2022; Lai et al., 2008), may be regarded as overly restrictive. This is because such
a methodology inherently limits the ability to predict material responses at

small scales and high strain rates within a generalized framework.

2.4.2 Molecular dynamics

Molecular Dynamics (MD) is a computational simulation method used to study
the physical movements of atoms and molecules over time (Jiang et al., 2023;
Plimpton, 1995; Thompson et al., 2022). By solving Newton's equations of
motion for a system of particles, MD provides insights into their dynamic
behaviour and interactions at the atomic scale. The MD method can be adopted
to investigate the mechanical response of gradient structures as reported by
Fang and co-workers (Fang et al.,, 2018). More specifically, these authors
employed a 2D model to address constraints of computational efficiency and
mismatch on the spatiotemporal level since the consideration of only tens of
grains would otherwise be achievable in a typical 3D MD model. Despite the
efforts presented by these authors, the classical MD method remains not well
suited for the quantitative investigation of dislocation activities and back stress
observed during experiments. On the other hand, the MD method (Geng et al.,
2022) can only be used on the nanoscale and thus, is restricted to a few tens of
grains due to constraints linked to its computational efficiency and mismatch

on the spatiotemporal level. More importantly, as mentioned earlier, the
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deformation mechanisms for nanograined polycrystalline material is
significantly influenced by activities on grain boundaries (GBs) (Meyers et al.,
2006). Thus, it can be said that the associated deformation mechanisms, i.e.,
dislocations and related back stress, cannot be readily investigated using MD.

In summary, conventional MD simulations encounter two major challenges
when investigating dislocation behaviours. Firstly, the high strain rate nature
of MD simulations often lacks relevance to the grain-level dislocation motion
typical of heterostructured materials under quasi-static loading. Secondly,
current studies have primarily focused on limited examples of dislocation
motion due to computational costs. For example, the largest grain size adopted
was 105 nm in (Li et al., 2015), which is smaller than the range of grain size

typically considered in heterostructured materials.

2.4.3 Discrete dislocation dynamics

The Discrete Dislocation Dynamics (DDD) method is a computational approach
used to model and simulate the behaviour of dislocations, which are line defects
in crystalline materials (Giessen & Needleman, 1995; Quek et al., 2014; Tarleton
et al, 2015). By representing individual dislocations and tracking their
interactions, movements, and reactions under various stress and temperature
conditions, DDD provides insights into the microscopic mechanisms governing
plastic deformation. This method is particularly valuable for bridging the gap
between atomic-scale simulations and continuum plasticity theories, offering a
detailed understanding of phenomena such as dislocation multiplication,
annihilation, and pattern formation (Miller et al., 2004). In DDD simulation,
plastic deformation is usually constrained to be smaller than 3%, restricting the
range of investigations on strain hardening behaviour under larger deformation
(Lu, Zhao, et al., 2022). Thus, while informative, studies on HSMs through this
method have limitations for providing a comprehensive understanding of
dislocation behaviour on larger strain ranges. Simulating and understanding

the contribution of individual mechanisms towards overall strain hardening
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requires a comprehensive numerical framework.

2.4.4 Crystal plasticity finite element method

The Crystal Plasticity Finite Element Method (CPFEM) is a computational
technique used to model the mechanical behaviour of crystalline materials at
the grain scale (Roters et al., 2010; Roters et al., 2012). It integrates the principles
of crystal plasticity, which accounts for the anisotropic deformation
mechanisms like slip and twinning, with finite element analysis to simulate
material responses under various loading conditions. CPFEM provides insights
into microstructural phenomena, such as texture evolution and stress-strain
localization, enabling the study of structure-property relationships in
polycrystalline materials. Despite extensive numerical work reported on the
nanoscopic and macroscopic levels, the behaviour of grain-level interactions in
HSMs is comparatively less explored. The CPFEM method typically serves as
an advanced tool for investigating the impact of grain-level information on
larger scales, while simultaneously capturing the spatial-temporal dynamics of
dislocation-related deformation processes. Research efforts on investigating
heterostructured materials via CPFEM can be classified into three categories.
The first type is based on classical local CPFEM where the grain size effect is
excluded. For example, CPFEM has been adopted for the investigation of cracks
in gradient aluminium (L.-Y. Liu, Q.-S. Yang, X. Liu, & X.-C. Nian, 2021) and
graphene/aluminium composites (L.-Y. Liu, Q.-S. Yang, X. Liu, & J.-J. Shang,
2021). A local CPFEM was employed for the investigation of interfacial
characteristics of metal matrix composites (Zhang et al., 2022; Y. B. Zhang et al.,
2024). Although the classical CPFEM method allows for a direct grain-level
determination of interactive mechanisms, the presence of significant dislocation
hardening, and the resulting size effect, is neglected. During uniaxial tension,
the non-uniform deformation-induced GNDs contribute to the strain hardening
of heterostructured materials through forest hardening (Cheng et al., 2018; X.

Wu et al., 2014). Thus, such classical crystal plasticity models are unlikely to be
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capable of capturing correctly deformations arising at grain boundaries (Liang
& Dunne, 2009). The second type of CPFEM adopted for the investigation of
heterostructured materials considers the grain size effect based on the Hall-
Petch law (Y. Wang et al., 2017; Zeng et al.,, 2016; Zhang et al.,, 2021) or
experimentally defined functions (Griesbach et al., 2024). A size-dependent
crystal plasticity model containing dislocation slipping and deformation
twinning was developed for the investigation of gradient nanostructured
Twinning Induced Plasticity steels (Lu et al.,, 2020). Damage evolution and
mechanically driven grain growth during the deformation of gradient nano-
grained materials were also considered into the constitutive model to study the
role of microstructure gradient in the overall plastic response (X. Lu et al., 2019).
CPFEM was also adopted to study the strengthening mechanisms of gradient
medium entropy alloys (Zhang, Gui, et al., 2023). Synergistic enhanced
mechanical properties of gradient nanostructured metals were considered in
(Griesbach et al., 2024) using size-dependent CPFEM where the dislocation
density distribution relied on experimentally defined functions instead of a
phenomenological Hall-Petch relation. This second type of CPFEM models
typically introduces grain size dependent equations, which usually rely on
extensive experiments and the calibration of required parameters. In
comparison, the third type of CPFEM models naturally captures the extra
hardening due to inhomogeneous plasticity. Such models physically describe
the collective behaviour of dislocations associated with crystallographic
relationships between adjacent grains. This modelling approach provides more
physical meaning and represents an ideal tool for revealing the deformation
mechanisms of metallic materials rather than mimicking stress-strain relations
(Zhang, Zhao, et al., 2023). Such a non-local CPFEM approach coupled with
GNDs and related kinematic hardening in gradient grained materials was
developed in (Zhang, Zhao, et al., 2023). However, grains were not spatially
resolved in this work as the authors used a homogenisation scheme when

modelling the whole specimen. Such homogenisation scheme can describe the
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deformation heterogeneity between grains but it neglects such heterogeneity
inside grains (Wu et al., 2017). Mutual interactions of slip localisation processes
at variable distances within the same grain or in neighbouring grains can affect
grain deformation (Stinville et al., 2023). Thus, the effect of microstructural
variations in heterostructured materials on the incipient plasticity and
dislocation mechanisms remains largely unexplored. The explicit modelling of
heterogeneous grained metals in large-scale polycrystal simulations can help
accelerate microstructural design for improved strength and ductility. Of the
many polycrystalline deformation modelling tools, the ones that should best
meet the above challenges combine CPFEM and a full-field mechanical
approach (Stinville et al., 2023). Nevertheless, recognising the significance of
strengthening mechanisms and damage initiation is vital in constructing a
comprehensive understanding of strengthening in metallic heterostructured
materials. In a recent study, full field CPFEM has been adopted for the
investigation of the low-cycle fatigue property of IN718 (Xi et al., 2024).
However, this was achieved in the context of a homogeneous-grained material

and thus, not in the context of heterostructured materials.

2.4.5 Homogenized finite element method

The Finite Element Method (FEM) is a numerical technique used to solve
complex engineering and physical problems by dividing a large system into
smaller, simpler parts called finite elements. These elements are analysed
individually, and their solutions are assembled to approximate the behaviour
of the entire system. FEM is widely used in structural analysis, heat transfer,
fluid dynamics, and other fields to solve problems involving partial differential
equations or large geometries with complex boundary conditions. It offers
flexibility in modelling various shapes, materials, and load conditions. Some
researchers, such as Wu et al. (X. L. Wu et al., 2014), employed this traditional
FEM to investigate the stress, strain and strain gradient distribution across the

thickness direction of gradient steel. The constitutive models used by these
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authors for the CG and gradient layers were obtained by fitting uniaxial tensile
stress-strain data on individual layers. Although the extra strengthening of the
composite laminates was modelled when considering the stack of these layers,
the exact underlying deformation mechanisms at play were not fully
elucidated. Li and co-workers developed a dislocation density-based theoretical
model and investigated the mechanical behaviour of gradient structures (Li &
Soh, 2012) . Experiments and FEM modelling were further employed by Li et
al. to study the strength-ductility synergy of gradient structures (Li et al., 2017).
Although multiple mechanisms, including geometrically necessary dislocation
(GNDs) and back stress, were considered by these authors, the FEM model
developed was limited to conducting 2D analyses. Zhao et al. presented a
constitutive FEM model considering the deformation heterogeneities and
multiple related mechanisms, such as dislocations and back stress
strengthening (Zhao, Zaiser, et al., 2021). The effect of grain size, layer thickness
and the NG layer volume content were thoroughly investigated and compared
with experimental data. However, the failure criteria and the study of the
microhardness were not included in this work. Besides, the numerical
framework adopted by these authors would not be well suited if one was to
follow it for simulating dynamic processes. To address the limitations of the
numerical methods reported above, Li et al., (Li & Soh, 2012; Li et al., 2017) and
Zhao et al.,, (Zhao et al, 2019; Zhao et al.,, 2020) developed a multiple
mechanism-based framework and demonstrated its implementation within the
ABAQUS/STANDARD module. However, these researchers did not consider
a damage criterion. Consequently, their work is limited for the modelling of
dynamic processes where ABAQUS/EXPLICIT and a damage criterion would
be favourable. Although applying an homogenisation scheme is an efficient
way to investigate the effects of multiple deformation mechanisms (Zhao et al.,
2019; Zhao et al., 2023; Zhao, Lu, et al., 2021; Zhao et al., 2020), it does not allow
for a comprehensive understanding of the spatial distribution and evolution of

deformation characteristics for each grain, and consequent effects on the local
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extra strength.

2.5 Summary and knowledge gaps identified

This Chapter provided a comprehensive review of the development of HSMs,
with a particular focus on the numerical approaches employed to investigate
their strengthening mechanisms. Specifically, it examined the current state-of-
the-art in numerical methodologies when applied to HSMs, including (1) MD,
(2) DDD, (3) CPFEM/FEM and (4) analytical modelling, focusing on their
synergistic effects and fracture. The current attempts to integrate MSGP and JC
model were also discussed. Based on the studies reviewed, several key
conclusions and knowledge gaps pertinent to the objectives of this Thesis have

been identified as follows:

Knowledge gap 1: There is a lack of implementation of methodology to extract

an explicit and real-time estimation of the plastic strain gradient within an

MSGP-modified JC computational framework. A few researchers have

attempted to combine the strain gradient plasticity theory within the ]JC
constitutive material model for the numerical simulation of plastic flow when
microscale specimens are deformed under medium to high strain rate scenarios.
This combined approach bears the advantage of being relatively
straightforward to implement within realistic space and time scales in a
continuum-based modelling framework. However, one issue within this body
of literature is that, until now, the plastic strain gradient has either been
considered as a constant or expressed as a function of the specific problem
investigated. It is argued that this current state-of-the-art is too restrictive as it
does not support the numerical prediction of small scale and high strain rates
material behaviour regardless of the loading scenario. To address this gap, the

research presented in Chapter 3 proposes a methodology to compute explicitly
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the plastic strain gradient value in real time at every simulation iteration within

a three-dimension strain gradient modified JC computational framework.

Knowledge gap 2: A constitutive model which could quantitatively investigate

the sources of hardening and the internal damage evolution of HSLs and to

predict the response of such laminate materials under a range of deformation

scenarios, including in tension and during nanoindentation is vet to be

developed. Despite recent experimental and numerical progress, the
deformation mechanism of HSLs, and the corresponding evolution of
dislocations and back stress, remains unclear. Besides, to realise the numerical
simulation of HSLs when subjected to dynamic deformation processes, a
framework coupled with damage criterion is needed. It is also argued that the
further understanding of strengthening and damage mechanisms of HSLs
should lead to the enhanced tailoring and design of these materials such that
their promising strength-ductility synergy can be taken full advantage of. An
efficient and robust physical mechanisms-based 3D numerical method coupled
with failure criterion remains to be developed to address this gap. This is
particularly important considering the large design space that is typical of
HSLs, i.e., material employed, layer thickness and the respective grain size of
the CG and NG layers. The associated modelling framework development,

results and discussions are reported in Chapter 4.

Knowledge gap 3: While a non-local CPFEM model was developed for the

investigation of heterostructured materials in (Zhang, Zhao, et al., 2023; Yong

Zhang et al., 2024), erains were not explicitly considered in these studies. As a

result, mechanisms such as shear band and grain rotation could not be

captured. Despite extensive numerical work reported on the nanoscopic and
macroscopic levels, the behaviour of grain-level interactions in
heterostructured materials is comparatively less explored. CPFEM method
typically serves as an advanced tool for investigating the impact of grain-level

information on larger scales, while simultaneously capturing the spatio-
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temporal dynamics of dislocation-related deformation processes. In light of this
knowledge gap, a non-local full-field CPFEM model, which explicitly accounts
for the interaction between dislocations and grain boundaries, is developed and

reported in detail in Chapter 5.

Knowledge gap 4: The intriguing synergy effect during the deformation

process of metallic HSMs is still not fully understood due to the difficulties in

accurate description of the real ‘fracture’” process at the microscale. The crystal

plasticity finite element method (CPFEM) is widely used to capture grain-level
mechanical responses (Loukadakis & Papaefthymiou, 2024; Roters et al., 2010).
CPFEM has also been used to investigate SBs in single crystal and multi-crystal
pure aluminium (Luan et al., 2020), aluminium alloys (Wu et al., 2017; Wu et al.,
2016) and interstitial free steel (Sedighiani et al., 2022). However, most of these
studies lack the consideration of damage models to effectively predict fracture.
Only a few investigations focussed on CPFEM damage modelling. These were
carried out in the case of single-phase steel (Wu & Zikry, 2015) and gradient
metals (L.-Y. Liu, Q.-S. Yang, X. Liu, & X.-C. Nian, 2021; Xiao et al., 2024; Zheng
Zhang et al., 2024). Based on this body of literature, it can be said that there is a
need to conduct numerical investigations of HSMs using CPFEM with the
incorporation of fracture. Furthermore, although extensive experimental work
has been carried out to investigate strengthening mechanisms in HSMs, most
reports are empirical and lack in-depth and comprehensive understanding of
fundamental strengthening sources, such as dislocation activities and SBs
formation and evolution. Consequently, the general endeavour of designing
HSMs with an optimised balance of strength and ductility remains at the stage
of experimental attempts. For these reasons, the focus of Chapter 6 is on the
development of a non-local CPFEM-CDM model and further demonstrated to
TWIP/Maraging steel laminate specimens for the investigation of

strengthening mechanisms and fracture characteristics.
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Chapter 3 Development of a 3D strain
gradient modified Johnson-Cook
computational framework

3.1 Introduction

The research presented in this Chapter proposes a methodology to compute
explicitly the plastic strain gradient value in real time at every simulation
iteration within a three-dimension strain gradient modified Johnson-Cook
computational framework. The theoretical background, the numerical
implementation process and the FEM modelling aspects are introduced in
detail. The developed framework is then used to conduct uniaxial tensile and
torsion simulations of microscale copper wires with different diameters. The
results of these simulations are presented and discussed. The size and strain
rate effects and their respective quantitative contribution to the material

hardening are also discussed in detail. The conclusions are presented in section

34.

3.2 Constitutive relations and FEM modelling

3.2.1 Mechanism-based SGP modified JC constitutive
model

In this section, the proposed MSGP-modified JC constitutive model is
introduced. The classical JC theory (Johnson & Cook, 1985) defines the flow

stress as
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ojc = [A+ B(ePH"] [1 +Cln (i—?)l (1-6m) (3.1)
where A, B, C, m, n are the traditional coefficients of the JC model, £P! is the
equivalent plastic strain, £P! is the plastic strain rate, &, is the reference strain
rate and @ is the temperature term. The MSGP theory is based on Taylor
hardening model (Taylor, 1997) where the shear stress, 7, is related to the
dislocation density as:

T = aGb,/p (3.2)
G is the shear modulus, a is an empirical constant which takes value between
0.3 and 0.5, b is the magnitude of the Burgers vector and p is the total
dislocation density. In the presence of strain gradients, p can be further divided
into the statistically stored dislocation (SSD) density, ps, and the geometrically
necessary dislocation (GND) density, pg, as follows:

p=ps+pg (3.3)
In addition, the tensile flow stress is related to the shear flow stress
by:

Oflow = M7 (3.4)
where M is the Taylor factor. Thus, combining (2) and (4), the flow stress using

Taylor’s model is given as:

Of10w= MaGb,/ps + pg (3.5)
According to Ashby (Ashby, 1970), the GND density is calculated as:
_1
= F— 3.6
pe =77 (3:6)

where 7 is the Nye’s factor (Nye, 1953) and 7 is the equivalent plastic strain
gradient. ps can be determined by material tests where the strain gradient is
negligible and thus, when only SSDs influence the material behaviour. In this

case, the classical JC model is applicable, and the following expression is given:

MaGb,/ps = )¢ (3.7)
which can re-formulate as:
O-]C 2
= 3.8
Ps (MaGb) (38)
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Substituting (3.7) into (3.5), the flow stress becomes:

’ p
Jflow = 0Ojc 1+ p_g (3'9)
s

Substituting (3.6) and (3.8) into (3.9) and considering that for FCC metals, M and
7 are equal to 3.06 and 1.90, respectively, the flow stress can now be expressed

as (Lai et al., 2008):

18a2G2b \*
Oflow = O-]C 1+ <—2T]> (310)
18a%G?b . . . — -
where ——is defined as material characteristic length [. u is introduced to

o2
represent the density of GNDs needed to accommodate the strain gradient in
the deformation zone following the work of Eq. (10) describes the material
constitutive model which combines the JC and the mechanism based SGP
theories. As a result, the influence of the size effect, the strain rate and the

processing temperature can be captured in one formulation.

3.2.2 Methodology for the explicit calculation of the

plastic strain gradient

In this section, the explicit calculation of plastic strain gradient, 7, is discussed.
The elemental level plastic strain increment is calculated using the equivalent
plastic strain at the Gaussian points rather than at the elemental nodes which
means that extrapolation is necessary. Then, the incremental plastic strain
gradient is calculated by differentiation of the shape functions. Following the
work of (Gao et al., 1999), the strain gradient is related to the plastic strain
components as follows:

— A&P

P _ AP p
A’hjk = Ag;, . + As; ik

ik,j jk,i (3'11)

The strain gradient is reformulated as:
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p 8 —pl
Ani]'k = Zk—l Nk(f' m, {)(A&'l-j) (312)

where N, (¢,7, {) is the shape function vector, the detailed introduction of which

can be found in the appendix, and AEZZ; is the incremental equivalent plastic

strain. Similar to the effective strain, which can be expressed as ¢ = E &;j€;j, the

effective strain gradient is:

P AP
N Ak
==

nfjk can be computed in the same way as Anfjk. Under rate-proportional loading,

AnP (3.13)

AnP is further simplified as a scalar measure of spatial gradients of the

accumulated equivalent plastic strain, & = d&P/ 9x;.

— [P
AnP = g€

)

(3.15)

<

:
It is important to note that the JC shear failure criterion is also included in the
developed model. More specifically, the failure strain 5}9 'is calculated as follows
(Johnson & Cook, 1985): The JC shear failure criterion is also included in the

developed model. More specifically, the failure strain e_}’ 'is calculated as follows

(Johnson & Cook, 1985):
ol _ d32 gbl ~
& = (di +dye " (1+dyln ()1 +ds6) (3.16)
0
where d;, d,, d3, d,, ds are parameters of JC shear failure criterion, g is the von

Mises stress, p is the hydrostatic stress and gis the stress triaxiality. A

summation of incremental failure strain Ae‘}? "is performed over all increments
to calculate the failure criterion w as follows:
AP

w=2 (§—pfz> (3.17)

f
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Once w exceeds a critical threshold, i.e., a value over 1, the affected elements are
deleted in the next solver step. The classical JC constitutive model was defined
in the VUHARD subroutine. The equivalent plastic strain, &Pl von Mises stress,
g, and hydrostatic stress, p, needed for the algorithm are obtained with the
VGETRM utility subroutine at the end of each increment in the VUSDFLD
subroutine. In this way, the strain gradient is explicitly obtained at the end of

each increment. Figure 3.1 displays the flow chart of the implemented MSGP-

modified JC algorithm.
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Figure 3.1: Flow chart of the MSGP-modified JC algorithm.

3.2.3 Finite element model set-up

Using the model and methodology described above, simulations were
conducted to investigate the effect of strain rate and strain gradient on micro-
scale copper wires with different diameters in uniaxial tension and torsion. The
simulations were conducted using the ABAQUS/Explicit module using the
user-defined subroutines discussed in section 3.2. In tension, all degrees of
freedom (DOF) on the base part were assigned as fixed boundary condition and
only the x direction of the grip part was ascribed to move (see Figure 3.2(a)). In
torsion, the grip and base parts were subjected to a rotation of 1.57 (radians) in

the UR1 direction and the remaining DOFs were constrained. Conditions of
28
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quasi-static strain rate and middle to high strain rates of 100 s and 1000 s were
considered to investigate the strain rate effect. The sample dimensions, loading
conditions and typical mesh are displayed in Figure 3.2. The diameter values of
the copper wire were selected to be 18 pm, 30 pm, 42 pm and 105 pm to compare
the simulation results against the experimental data published in (Liu et al.,
2012). The unit system and relevant material parameters used in the simulation
are given in Table 1 and Table 2 respectively. The diameters of the copper wire
were selected to be 18 pm, 30 pm, 42 pm and 105 pm to compare the simulation
results against the experimental data published in (Liu et al., 2012). The unit
system and relevant material parameters used in the simulation are given in

Table 3.1 and Table 3.2 respectively.

()

375

e 120 Gauge section

(©

Base part

x - y
Y60 . |
y Units: pm x

Figure 3.2: (a) Schematic illustration of one of the simulated dog-bone-shaped
specimens (diameter of 30 pm in tension), (b) FE model and meshing of the

specimen in torsion, (c) typical stress distribution during torsion simulation.

Table 3.1: Adopted unit system in ABAQUS.

Dimension | Length L | Force Stress M'L- | Time T | Mass M | Density
MLT! |1T1 M L-3
Unit pm mN GPa s Ton 10%kg/m3
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Table 3.2: Material properties used in this Chapter.

Parameter | Value Parame | Value
ter
Mechanical E (GPa) 124 Johnson-Cook shear d, 0.54
) v 0.34 ) d, 4.89
properties (ke /) 3960 failure (Johnson & d 303
(Johnson & Cook, Cook, 1985) dy 0.014
de 1.12
Johnson-Cook A (GPa) 0.09 | Plastic strain gradient a 0.5
plasticity B (C;Pa) 0623912 (Joshi & Melkote, i(((jil;?) 032956
(Johnson & Cook, C 0.025 2005) U 0.38

3.3 Results and discussion

Based on the computational framework described in the previous section, a
series of simulated results were obtained and are presented here. The simulated
stress in tension was calculated as an average value of the von Mises stress of
the gauge section as displayed in Figure 3.2. The simulated shear strain in
torsion was calculated using a8 /L, where L is the gauge length, a is the radius
of the wire and 6 is the torsion angle. Following the notation in (Fleck &
Hutchinson, 1993; Fleck et al., 1994), the normalized torque, Q/a3 , was plotted
against the surface shear strain in torsion as shown in Figure 3.3(b) and Figure

3.4(b), where « is the twist per unit length of the wire.

3.3.1 Size effect

Figure 3.3(a) shows the tensile stress-strain curves of copper wires with
different diameters at quasi-static strain rate obtained with the simulations
conducted in this work and also as reported experimentally in (Liu et al., 2012).
This figure also displays the stress-strain curve simulated using the classical JC
constitutive model. Only one such curve is visible in this case as the classical JC
expression does not account for size effects (see Equation (3.1)). A similar

approach is followed to display the results shown in Figure 3.3(b) which are
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concerned with the obtained normalised torque against the surface shear strain.
It can be observed from both Figure 3.3(a) and Figure 3.3(b) that when
implementing the MSGP-modified JC constitutive model proposed in this
research, both the simulated flow stress and the normalized torque increased
with the decrease of the microscale wire diameter. This is a result which is
aligned with experimental findings and with the general strain gradient
plasticity theory. The maximum flow stress and normalised torque were
obtained for both the simulation and experimental conditions when the
considered wire diameter was the smallest, i.e., 18 pm. In tension, the simulated
stress-strain curves for diameters of 30 pm, 42 pm and 105 pm, (see Figure
3.3(a)), are relatively close to each other, which agrees well with experimental
findings in (Liu et al., 2012) indicating that the size effect diminishes when the
sample dimension exceed approximately 105 pm. In torsion, it is only the 30 pm
and 42 pm diameter wires that yielded rather similar simulated data. This is
again aligned with the experimental finding reported in Figure 3.3(b) and a
consequence of the fact that, within the range 18 pm to 105 pm, an increase in
diameter from 30 pm to 42 pm can be considered not really significant. The
reason for the observed size effect for both simulation and experimental data is
explained by the increase in the strain gradient inherent in small and localised
zones which leads to the generation of extra geometrical necessary dislocations
(GNDs) (Nye, 1953) and causes additional hardening (Fleck & Hutchinson,
1993). In practice, the dislocation starvation at smaller size would also
contribute to this size effect. However, this phenomenon is not accounted for in
the proposed model. The observed size effect in torsion, as displayed in Figure
3.3(b), is more pronounced than that in tension, as also reported in (Fleck et al.,
1994; Liu et al., 2012). This explains why the simulation results obtained for the
105 pm wire diameter in torsion is quite distinct from those of the 30 pm to 42
pm wires, whereas such difference is not so pronounced with the tensile
simulations. Generally, this ‘smaller but stronger’ size effect is also aligned with

widely reported experimental findings on micro-scale copper wires, such as
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those in (Chang et al., 2022; Hou et al., 2022; Kiener et al., 2008).
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Figure 3.3: (a) Stress-strain curves under quasi static strain rate for copper wires
in tension with diameters of 18 pm, 30 pm 42 pm and 105 pm, (b) Plots of
normalized torque-twist curves for copper wires with diameters of 18 pm, 30
pm 42 pm and 105 pm. The simulated results are plotted with solid lines and

experimental data are plotted with dashed lines.

It should also be said that the presented numerical results in tension and torsion
are in good agreement with the experimental results from (Liu et al., 2012) in
terms of trends and order of magnitude. However, there is some discrepancy
with respect to actual values achieved with the developed model. This might
because the material parameters used in the simulation conducted in this
research may not truly reflect the experimental conditions for comparison
purpose. More specifically, Liu and co-workers stated that: ‘all wires were
annealed at 410 °C for 2.4h” (Liu et al., 2012). Thus, it is reasonable to expect that
the annealing treatment in (Liu et al., 2012) led to a larger grain size and smaller
dislocation density (El-Deiry & Vinci, 2001). In turn, this would lead to a
reduced experimental flow stress and normalised torque values. This is
corroborated with the fact that other mechanical properties have also been
reported to decrease following annealing when compared to the as-received
material such as the scratching hardness of microscale copper (Kareer et al.,
2016a, 2016b) and the uniaxial tensile and compression properties of steel and
high-entropy alloy (Chen et al., 2019; Ren et al., 2022). The material properties
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implemented in the presented work were those from bulk standard copper
(Johnson & Cook, 1985). If reliable and comprehensive material data for
annealed copper can be obtained, it is expected that the simulation and

experimental results will align more closely.

3.3.2 Strain rate effect

Tension and torsion simulations were also conducted at strain rates of 100 s
and 1000 s to investigate whether the model was capable of predicting the size
effect at higher strain rates and importantly, to understand from a theoretical
viewpoint whether flow stress is dominated by size effect or strain rate in such
scenarios. Figure 3.4(a) and (b) display the simulated curves under the strain
rates of 100 s and 1000 s in tension and torsion, respectively. From Figure
3.4(a), it is observed that the elastic part of all curves in tension are
superimposed. This indicates that the elastic deformation is rate independent.
In the plastic deformation region, it can be seen from Figure 3.4(a) and Figure
3.4(b) that, using the classical JC constitutive model in tension and torsion, the
copper wires were hardened under higher strain rates. This is expected as
Equation (3.1), which reports the classical JC flow stress expression,
incorporates the effect of strain rate. The results reported in these figures also
show that the size effect is observed in both tension and torsion, similarly to
that existing under quasi-static strain rate. This indicates that the size effect is
present under all strain rates studied in this work. This simulated combined
influence of the strain rate and size effects agrees well with the experimental
findings reported in for micro-tensile tests conducted on Ni-based materials. In
particular, these authors found that both size and strain rate effects occurred on
the microscale and that the yield stress and strain rate sensitivity scaled well to
bulk macroscale properties. This also correlates with MD simulation data
reported in (Liang & Zhou, 2004) where the size and strain rate effects were

shown to co-exist and lead to the co-hardening of copper material at small scales.
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From the simulation results presented in Figure 3.4, it can be said that the size
effect is still more pronounced in torsion than that in tension at higher strain
rates. It can also be observed that the simulated copper wires exhibited a
peculiar torsion simulation response at the higher strain rate of 1000 s! where
the normalised torque is seen to fluctuate around the initial yield point. These
fluctuations are associated with the initiation of severe plastic deformation
caused by high strain rate. Similar pronounced fluctuations were also observed
in (Liang & Zhou, 2004) for the high strain rate MD simulation of nano copper

wires in tension.
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Figure 3.4: (a) Stress-strain curves for copper wires in tension with diameters of
18 pm, 30 pm 42 pm and 105 pm under the strain rate of 100 st (dashed lines)
and 1000 s (solid lines), (b) Plots of normalized torque-twist curves for copper
wires with diameters of 18 pm, 30 pm 42 pm and 105 pm under the strain rate

of 100 s (dashed lines) and 1000 s (solid lines).

The incremental yield stress could also be readily obtained using the self-
compiled classical JC subroutines and MSGP-modified JC subroutines by
outputting state variables. The final yield stress in tension at the strain of 0.1
and torsion at the surface shear strain of 0.19 are displayed in Figure 3.5 for all
strain rates. The readers should note that the discrepancies in Figure 3.5 are not
errors but rather predictions under different strain rates and conditions (with
and without the size effect under tension and torsion). The final yield stress

using the classical JC approach in both tension and torsion remains identical
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under the same strain rate while it increases with a larger strain rate indicating
that the strain rate effect exists on the microscale. The enhanced yield stress
might be caused by the dynamic wave effect or phonon drag (Liang & Zhou,
2004). When using the MSGP-modified JC constitutive model developed in this
work, the final yield stress increases with a reduction in the wire diameter
under all strain rates. It is shown that size effect for the final yield stress exists
under all simulated strain rates. More interestingly, the size effect for the final
yield stress in torsion is more significant than that in tension as shown in Figure
3.5. This was also reported experimentally in (Fleck et al., 1994; Liu et al,,
2012).The enhanced yield stress might be caused by the dynamic wave effect or
phonon drag (Liang & Zhou, 2004). When using the MSGP-modified JC
constitutive model developed in this work, the final yield stress increases with
areduction in the wire diameter under all strain rates. It is shown that size effect
for the final yield stress exists under all simulated strain rates. More
interestingly, the size effect for the final yield stress in torsion is more significant
in tension as shown in Figure 3.5 which was also reported experimentally in
(Fleck et al., 1994; Liu et al., 2012). The reason behind this difference in the
magnitude of the size effect between tension and torsion is due to the fact that,
in uniaxial tension, hardening is mainly due to the SSDs, which can be relatively
moderate for a given wire diameter (Fleck et al., 1994). In torsion however, and
for the same wire diameter, the strain gradient d,,/da=k and the severe non-
homogeneity of deformation introduce an increased amount of GNDs. For a
given surface shear strain, a thinner wire, i.e., a smaller g, introduces a larger
strain gradient and a greater density of GNDs. As a result, a more prominent
hardening in thinner wires would thus be observed. The more pronounced
equivalent plastic strain/shear strain in torsion is attributed to this size effect.
Although the size effect for the final yield stress is obvious, one should notice
that, compared to the classical JC model, the initial yield stress remains constant
using the MSGP-modified JC approach proposed here. This is due to the fact

that the MSGP-modified JC theory is based on dislocations that only exist
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during plastic deformation (Fleck et al., 1994; Liu et al., 2012).

| classical JC in tension
| MSGP-modified JC in tension
| classical JC in torsion
| MSGP-modified JC in torsion

=
=
=3

Yield stress (MPa)

Figure 3.5: Simulated predictions of final yield stress data (for a strain of 0.1 in
tension and a surface shear strain of 0.19 in torsion) for copper wires with
diameters of 18 pm, 30 pm 42 pm and 105 pm under quasi-static strain rate (dot
marker), and strain rate values of 100 s1 (cube markers) and 1000 s'

(tetrahedron markers).

To experimentally investigate the mechanical behaviour at the microscale for
the strain rates mentioned, specialized techniques are required. While
Hopkinson bar experiments are widely used for high strain rate testing at the
macroscale, adapting these methods to the microscale presents several
challenges. These include the difficulty of fabricating microscale specimens
with consistent geometry, ensuring accurate alignment and loading, and
capturing reliable data due to the small scale and potential material
heterogeneity. Alternative approaches, such as micro-tensile testing combined
with high-speed imaging or laser-based methods, could be explored to achieve
precise strain rate control and measurement at the microscale. These techniques,
while promising, also require careful consideration of their limitations, such as

the influence of boundary conditions and the resolution of strain measurement
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systems.

3.3.3 Respective contribution of the size effect and the

strain rate effect

The respective contribution of different hardening factors to the enhanced flow
stress was also quantitively investigated and the outcome of such a comparison
is plotted in Figure 3.6. As discussed earlier, obvious size and strain rate effects
can be observed, and both are more pronounced in torsion than in tension. It is
interesting to notice from this figure that for a given diameter, the contribution
from the size effect in both tension and torsion remains nearly constant under
different strain rates. In contrast, and as one would expect, the contribution
from the strain rate becomes more important with the increased strain rate.
Figure 3.6 also shows that, under the varying strain rate range studied here (i.e.,
for 100 s and 1000 s1), which can be considered to be high, the strain rate
increase is the dominant contribution to the hardening of the material in tension.
This relative contribution is further enhanced with the increase of the wire
diameter. This is because, for a given strain rate value, the contribution of this
effect remains constant with varying wire diameters while the contribution of
the size effect reduces when the wire diameter becomes larger. Under high
strain rate torsion deformation, while the size effect remains the dominant
factor for all wire diameter and strain rate values considered, a trend can be
observed that this relative contribution of the size effect decreases with the
increase of wire diameter. Experimentally obtained data in (Xu et al., 2018) for
microscale Ni wires in tension showed that the flow stress increased by 15 MPa
to 35 MPa when the strain rate was multiplied by a factor of 100. Interestingly,
when analysing our simulation results, we observed an increase in flow stress
by a similar order of magnitude. In particular, the simulated flow stress of
microscale copper wires, which is also a face-centred cubic (FCC) metal, was

raised by around 13 MPa in tension when the strain rate was 1000 s instead of
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Figure 3.6: Relative contributions of size and strain rate effects to the increase
in the flow stress value for different copper wire diameters. The plotted increase
in flow stress was obtained by comparing the simulated data against a baseline
simulation scenario defined as that using the classical JC method under quasi-

static strain rate.

3.4 Conclusion

The research in Chapter 3 proposed and implemented a computational
framework that combines 1) the classical Johnson-Cook theory that includes
damage criterion with 2) the mechanism-based strain gradient plasticity theory
to derive a constitutive material model that could be applied for the numerical
simulation of high strain rate deformation scenarios on the microscale. These
plastic flow conditions can, for example, be representative of micro-
manufacturing processes such as micro forming and micro mechanical
machining. The distinguishing characteristic of this work, in comparison with
previous attempts at combining the Johnson-Cook and the strain gradient
plasticity theories, is that the plastic strain gradient value is extracted explicitly
at every simulation time-step. Based on this novel 3D MSGP-modified JC

framework, tensile and torsion simulations were also conducted on microscale
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copper wires for a range of wire diameters and strain rates. The outcome of
these simulations was shown to compare well against experimental data found
in the literature. Based on this model, it was also possible to quantify the
respective contribution of strain rate and strain gradient effect on the hardening
of small-scale copper wire specimens. While the JC model provides a robust
framework for simulating material behaviour under high strain rates and
temperatures, it is important to acknowledge its limitations. The empirical
nature of this model means it relies heavily on experimental data for calibration,
which may restrict its generalisability to materials or conditions outside the
tested range. Additionally, the JC model does not account for certain
microstructural effects or anisotropic behaviour, which could influence
accuracy in more complex scenarios. These limitations highlight the need for

further refinement or complementary approaches in future work.
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Chapter 4 Development of a multiple
mechanism based constitutive model
coupled with damage criterion for

investigating the deformation of
HSLs

4.1 Introduction

The study of this Chapter is organised as follows: the constitutive model for the
NG and CG layers as well as the IAZ, the JC failure criterion and the numerical
implementation process are introduced in section 4.2. In section 4.3, indentation
and tensile simulations on homogenous grained copper are carried out first to
validate the correctness and robustness of the developed numerical framework.
The quantitative investigation of strengthening of Interstitial-Free (IF) steel was
investigated as well. Then, the effect of the layer thickness and the NG volume
content on the mechanical response of HSLs are investigated. Calculations that
rely on the ROM method and the model prediction method proposed by Zhao
and co-workers (Zhao, Zaiser, et al., 2021) are also conducted and compared
against those published in the literature to further validate the accuracy of the
numerical work reported here. Finally, the distinguishing characteristic of this
research, i.e., the developed integrated FEM model, which combines the
multiple physical mechanisms based constitutive model coupled with the JC
damage criterion, is implemented to study the synergistic effect and mutual
constraints of the NG and CG layers in the laminates as well as the damage
evolution during the deformation process. Conclusions and issues needing

further investigation are then presented in section 4.4.
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4.2 Numerical framework and FEM model

4.2.1 Multiple mechanisms based constitutive model

Considering the significant dislocation activity experimentally observed in the
deformation process of laminates and the relative ease of numerically
implementing the conventional mechanism-based strain gradient (CMSG)
theory, the deformation response and strengthening mechanism of HSLs were
investigated based on the CMSG (Huang et al., 2004) and dislocation pile-up
(Hirth et al., 1983) theories in this research. The flow stress is related not only to
the statistically stored dislocations (SSDs) but also to the geometrically
necessary dislocations (GNDs) from the sample level, the grain level and the
back stress. This direct introduction of dislocations into the constitutive model
does not require the need to consider higher order stresses and boundary
conditions and thus can be implemented within the VUHARD/VUSDFLD
subroutines, which are mathematically easier than the UEL/VUEL and
VUMAT/UMAT subroutines (Lele & Anand, 2008; Lele & Anand, 2009). A
multiscale schematic of the developed model is shown in Figure 4.1 and the

associated constitutive equations are presented in the following sub-sections.

Laminates structures
(b) Black: SSDs
Green: grain level
GNDs
Blue: sample level
GNDs

Figure 4.1: (a) Schematic diagram of the modelled tensile dog-bone specimen;
(b) layers of the integrated FEM model with a NG volume content of 10 %; (c)

schematic of piled-up GNDs near the boundaries of NG and CG layer; (d)
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schematic of the various dislocations considered in the presented work.

4.2.2 Constitutive model for homogenous layers

The Taylor hardening law was adopted in the presented work to relate the flow
stress with the dislocation density. The dislocation density can be further
decomposed into the SSD density, pssps, and the GND density, pgnps. The flow

stress o is defined as:

o = 0y + MaGb,[pssps + peaps + 0° (4.1)
where ¢y is the lattice friction stress, M is the Taylor factor, a is a material
constant, G is the shear modulus, b is the magnitude of the Burgers vector and
o? is the back stress. Considering the significant amount of back stress observed
experimentally and following the work of (Hirth et al., 1983; Zhao et al., 2020;

Zhao, Zaiser, et al., 2021), the back stress o? is defined as:

__mMeb
T n(l-v)d

where d is the grain size, v is the Poisson’s ratio, N is the dislocation number

b

o 4.2)

within a pile-up. The rate of change of N is defined following the work of

(Sinclair et al., 2006).

. 2 N
— Zep 5 4.3
N = N, <36 N*p) 4.3)

Considering the negligible effect of the plastic strain components €P and to ease
the implementation process, equation (3) is simplified as:
. 2 N
— N2 4.4

N =55 (57 &4
where N, is the initial evolution rate of N, N* is the saturated pile-up dislocation
number and p is the equivalent plastic strain rate. N* and N, are defined with
equation (4.5) and (4.6) respectively (Zhao, Zaiser, et al., 2021):

— 1

N*
MGb
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47 3b

where kyp is the Hall-Petch constant, 1 is the distance between slip lines as
shown in Figure 4.1(c).

During the deformation process, apart from the back stress, the dislocation
hardening is also caused by the interactions between dislocations as shown in
Figure 4.1(d). This dislocation hardening behaviour is included in the presented
work as stated in equation (4.1). The density of piled-up GNDs is defined on

both the sample level and the grain level as:

PaNDs = PENDs + PENDs (4.7)

where pgiDs , pinps are the sample level and the grain level GNDs density,
respectively. The grain level GNDs density is defined as (Zhao, Zaiser, et al.,
2021):

gra dN

Pls = 37 (4.8)

d. . . .
where > is the number of pile-ups in a grain.

Apart from the GNDs for the grain level, the non-uniform strain gradient is also
generated via dislocation pile-up (Ma et al., 2016) which would lead to the size
effect. The layer thickness studied in the experiments can be as thin as 3.7 pm
(C. X. Huang et al., 2018) and the smallest nanoscale grain size is 100 nm.
Therefore, the effect of GNDs on the sample level, although expected to be not
that significant in tensile loading scenarios, is also included in this work and

defined following the work in (Ashby, 1970; Nye, 1953).

sam _ =1 4.9
PGNDs = 7" (4.9)

where 7 is Nye’s factor (Nye, 1953) and n? is the strain gradient which can be

calculated using An? = EAnfjkAnfjk (Fleck & Hutchinson, 1997).

GNDs play a critical role in accommodating strain gradients in crystalline
materials. The separation of GNDs into grain-level and sample-level

contributions is essential for understanding deformation mechanisms at
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different length scales. Grain-level GNDs arise from local lattice rotations
within individual grains, often due to intragranular deformation mechanisms
such as dislocation pile-ups at grain boundaries. In contrast, sample-level
GNDs reflect macroscopic strain gradients across the polycrystalline structure,
ensuring compatibility between grains during deformation.

This distinction is particularly relevant for modelling and predicting material
behaviour under mechanical loading. For instance, grain-level GNDs provide
insight into localized deformation phenomena, such as strain hardening and
grain boundary strengthening, while sample-level GNDs help characterize the
overall strain distribution and mechanical response of the material. By
separating these contributions, a more accurate description of the material's
deformation behaviour can be achieved, which is crucial for designing materials
with tailored mechanical properties.

Experimentally, the split of GNDs into grain and sample contributions can be
achieved using high-resolution techniques such as electron backscatter
diffraction (EBSD). EBSD allows for the measurement of local misorientations
within grains, which can be used to calculate GND densities. By applying
dislocation density tensor analysis, it is possible to differentiate between intra-
grain (grain-level) and inter-grain (sample-level) contributions to the total GND
density. Complementary techniques, such as transmission electron microscopy
(TEM) or X-ray diffraction (XRD), can further validate these measurements and
provide additional insights into dislocation structures.

A modified Kocks-Mecking-Estrin (KME) model (Estrin, 1998; Kocks, 1976;
Mecking & Kocks, 1981) proposed by Li et al. (Li & Soh, 2012) is adopted in this
work to describe the evolution of SSDs for both the CG and NG phases.

9pssps % +kg1is &P\ ref

) d
9eP M bd Tfp Pssps + PGNDs — Kann (8—) Pssps — (T) Pssps (4-10)

re

where k7 fo and kf,f;p are geometric factor and proportional factor that control the

dislocation activities at the grain boundaries and the dislocation reactions on

the dislocation mean free path (MFP), €, is the reference strain rate and d,¢f is
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the reference grain size, k,,, is the dislocation annihilation factor and

=p _1
kann(i) ™0 psgps represents the dislocation annihilation, which quantifies the rate-

dependent reduction in dislocation density due to dynamic recovery processes. €7¢/ is
typically chosen based on experimental conditions or standard testing protocols.
n0 is determined by fitting experimental data from strain rate tests, such as
stress-strain curves at different strain rates. éP is obtained directly from

experimental measurements or simulations.

4.2.3 Constitutive model for interface affected zones

(IAZs)

In this work, the thickness values considered for the CG layer were 4.8 pm and
4 pm, while it was 100 nm for the NG layers to ensure that the simulations
aligned with the experiments reported in (C. X. Huang et al., 2018; Ma et al,,
2015) for comparison purpose. This significant difference in grain size leads to
a mechanical incompatibility between interfaces during plastic deformation
and further results in high GND density, strain gradient (Zhao et al., 2022) and
back stress (Wu & Zhu, 2017). The dislocation ledge source theory (Murr, 2016)
states that NG-CG interfaces could act as sources of dislocations. Experiments
show that there exists a ‘one grain width zone” (about 5 pm to 6 pm) in the CG
layer near the NG-CG interface where the GND density is higher than in other
parts of that layer (J. Li et al., 2019; Liang et al., 2019; Ma et al., 2016). This zone
is called the IAZ. The dislocation pile-up behaviour in the IAZs is different from
that in the homogenous layers due to the significant difference in layer
properties as reported above. Following the work of Zhao et al. (Zhao, Zaiser,

et al., 2021), the dislocation number within a pile-up for an IAZ is defined as:

1
MGb deg

where dy is the size of a nano grain and dc is the size of a coarse grain, Ag is

* —
NIAZ -

45



the difference of lattice friction stress between the NG and the CG layers.
Comparing equation (11) with equation (5), a larger dislocation pile-up is

produced in the IAZ region which would further lead to a larger back stress.

4.2.4 Johnson Cook failure criterion

Quantitatively, experimental reports also indicate that the uniform deformation
of a NG layer in the laminates is at least ten times higher than that of its a stand-
alone counterpart (Ma et al., 2015; Wu et al., 2020). Based on this, in the classical
ROM approach or the modified ROM method proposed in Zhao et al. (Zhao,
Zaiser, et al., 2021), the engineering stress of the NG layer in the laminates is
assumed to be constant after necking. Although a reasonable correlation
between experimental and predicted results was observed when adopting this
assumption in the case of HSLs displaying a relatively large layer thickness, the
prediction accuracy of this approach reduces as the layer thickness decreases.
While it can indeed be said that the NG layer in the laminate is much stronger
than when it is considered standalone, it is questionable to assume that its
engineering stress remains constant after necking when developing a numerical
model of HSLs. For this reason, not only it is important to take into account of
multiple physical mechanisms when developing a constitutive model of HSLs,
it is also essential to include a failure criterion when developing an integrated
FEM model of HSLs. The JC failure criterion (Johnson & Cook, 1985), which was
initially proposed for macroscopic metal failure, has proven to be robust and
efficient for simulating metal deformation processes on the microscale (Guo et
al., 2014; Guo et al., 2016; Lai et al., 2008; Z. Wang et al., 2019). This is due to its
comprehensive inclusion of the effect of strain, strain rate and temperature.
Thus, given the limitations of the current numerical methods reported above
for modelling HSLs, it is proposed that the JC failure criterion is also considered
when numerically simulating the indentation and uniaxial tensile responses of

HSL materials.

46



As stated by Zhao et al. (Zhao, Zaiser, et al., 2021), a reasonable damage and
failure model should be developed to investigate the synergistic behaviour of
the NG and CG layers in HSLs. Herein, the JC dynamic failure model, which is
proved to be robust in microscale processes affected by large deformations (Lai
et al., 2008; Z. Wang et al., 2019), was adopted as the failure criterion. The JC
failure model comprehensively includes the effect of strain hardening, strain
rate and temperature. More specifically, the JC failure model is based on the
calculation of the equivalent plastic strain, which is expressed as also shown in
equation (3.16).

A summation of incremental failure strain Ae_}’ s performed over all
increments to calculate the failure criterion w (Johnson & Cook, 1985). Failure
is considered to be reached when the JC failure criterion, w, increases to a value

equal to “1”. The damage parameters used in this work were those defined for

copper (Johnson & Cook, 1985).

4.2.5 Implementation and finite element modelling

The constitutive model and JC failure criterion introduced in the previous
section were implemented via user-defined subroutine VUHARD/VUSDFLD
and thus can be used with ABAQUS/EXPLICIT. The implementation flow
chart is displayed as shown in Figure 4.2. The microhardness of homogenous
grained layers, i.e., the NG and CG layers were also investigated numerically
using a Berkovich pyramid indenter following the work reported in (C. X.
Huang et al., 2018). The imperfection of the tip, i.e., the tip bluntness as well as
the friction between the indenter and the specimen, were also taken into
account based on the work of (Antunes et al, 2007; Antunes et al., 2006;
Sakharova et al., 2009). The indentation speed was set to 10 pm /s and the
indentation depth was 10 pm. The schematic diagram of the FEM model for
indentation is shown in Figure 4.3. The dimension of the dog-bone shaped

specimen for the uniaxial tensile simulations on homogenous copper and for
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the subsequent integrated FEM modelling was set following the reports in (C.

X. Huang et al., 2018) and (Ma et al., 2015), respectively. The gauge section

consisted of three zones, i.e., the NG layer, the CG layer and the IAZ zone as

shown in Figure 4.1(a) and 1(b). The specimen was discretised using C3D8

elements, and the gauge section was refined to ensure mesh independence on

the simulated results. The strain rate was set to 5x10-4 (C. X. Huang et al., 2018)

and the material properties in the constitutive model parameters were sourced

from published data as listed in Table 1. The stress (in the S11 and S22

directions), strain and all the state variables discussed in this work were

calculated using the average value of the gauge section. A Python script was

compiled to extract the variables and plot the results for comparison with

experimental data.
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Figure 4.3: (a) FEM model of indentation; (b) detailed Berkovich indenter with

consideration of tip bluntness

Table 4.1: Material properties

(b)

Parameter Symbol Value
Young’s modulus (GPa) E 200
Shear modulus (GPa) (Li & Soh, 2012) G 42.1
Poisson’s ratio (Li & Soh, 2012) v 0.36
Magnitude of the burgers vector (nm) b 0.256
Lattice friction stress (MPa) (Olfe & 0y 0 (coarse-grained copper)
Neuhéuser, 1988)
31.8 (nano-grained copper)
Hall-Petch constant (MPa - um?®/?) (Li & kyp 110
Soh, 2012)
Geometric factor (Zhao, Zaiser, et al., k;z ﬁ: 0.2
2021) ’
Proportionality factor (Zhao, Zaiser, et kiifn 0.02
al., 2021)
Dynamic recovery constant (Zhao, kd.n 2.1
Zaiser, et al., 2021)
Dynamic recovery exponent (Li & Soh, ng 21.25
2012)
References strain rate (s™) (Li & Soh, Eref 1
2012)
Reference grain size (um) (Zhao, Zaiser, dref 1.5
etal., 2021)
Distance between slip lines (nm) (Zhao, A 260
Zaiser, et al., 2021)
Initial dislocation density (m?) (Zhao, Do 10"
Zaiser, et al., 2021)
Johnson Cook damage parameters d; 0.54
(Johnson & Cook, 1985) d> 4.89
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ds -3.03
dy 0.014
ds 1.12

4.3 Results and discussion

431 Microhardness simulation on standalone

homogeneous grained layers

In addition to uniaxial tensile experiments mentioned above, nano/micro
indentation is also an important material characterisation method where only a
small-scale sample is needed rather than a large-scale specimen (Koumoulos et
al., 2015; Zha et al., 2019). Nano/micro indentation testing can thus be an
appropriate alternative to large scale experiments especially when these can be
difficult and complex to conduct or when material cost is an issue (Karimzadeh
& Ayatollahi, 2012; Karimzadeh et al., 2019). Characterizing the hardness of
HSLs is important as it is also a key material parameter. However, only a few
experimental research reports have focussed on this material property for HSLs
and none from a numerical modelling viewpoint. Huang et al. investigated the
nanoindentation hardness of a copper-based HSL using a Berkovich indenter
(C. X. Huang et al., 2018), while Ma et al. (Ma et al., 2016; Ma et al., 2015) and
Wang et al. (Y. Wang et al., 2018) used a Vickers indenter to study the
nanoindentation hardness of copper/bronze HSLs. Overall, these experiments
revealed that the microstructure and composition difference across the interface
between layers can result in a significant variation in hardness.

Microhardness simulations of homogenous grained layer with grain size of 4.8
pm and 100 nm were conducted using the developed framework. The
simulated load-displacement curves are shown in Figure 4.4(a). It is obvious
that the reaction force of the NG copper is significantly higher than that of the
CG layer, as expected. The significant jumps observed in the force-displacement
graphs during nanoscale indentation of copper are likely attributed to

dislocation nucleation and propagation events. At the nanoscale, deformation
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is dominated by discrete dislocation activities, which can cause sudden strain
bursts, leading to abrupt changes in the force-displacement response. These
phenomena are consistent with the stochastic nature of plastic deformation in
crystalline materials at small length scales, as supported by prior studies in

nano-mechanics.

. . . . F
The numerical micro indentation hardness H; was calculated as H; = A—N , where
p

Fy is the normal reaction force and A is the projected area. The calculated
results are shown in Figure 4.4(b) together with the experimentally obtained
hardness values from (C. X. Huang et al., 2018). The numerical results correlate
well with the experimental data as the simulated micro indentation hardness
for the CG and the NG layer were 0.79 GPa and 2.43 GPa, respectively. The
observation of the experimental data in this figure highlights the abrupt change
in hardness between the different layers showing a prominent difference in
material properties. The good correlation between the numerical and
experimental results shows that the developed framework may not only be
used in tensile simulations, but also in dynamic indentation process where

relatively large compression and damage of material are involved.

(a) 7000 M) 4

ok T coarse-grained copper (4.8 pm) o0 Experimental results: (Huang et al., 2018)

— — nano-grained copper (100 nm) ® Presented work

w
T

=
Z]
Z 5000 - =
g g
. 3
4000 =
£ £l 1% % 21
s =
= 3000 2
H &
] =
% 2000 | -
Ry 5533 lals
1000
0 1 1 1 L 0 1 1 1 1
0 2 4 6 8 10 0 40 80 120
Displacement (nm) Distance (pum)

Figure 4.4: (a) Simulated reaction force-displacement curves during indentation
and (b) comparison between numerical and experimental microhardness values

for homogenous-grained CG and NG copper.

4.3.2 Uniaxial tensile responses of standalone
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homogenous NG and CG copper layers

To further test the suitability of the developed numerical framework, uniaxial
tensile simulations on homogenous grained copper were also carried out. The
simulated stress-strain curves for copper with grain sizes of 4.8 pm, 4 pm and
100 nm are displayed in Figure 4.5(a). The experimental results reported in (C.
X. Huang et al., 2018) and (Ma et al., 2015) are also plotted for comparison. It is
observed from this figure that the simulated results agree well with the
experimental data. One should notice that the IAZ data provided in this figure
are merely for demonstration purpose as such a zone can only exist due to the
interaction between the NG and CG layers. However, the IAZ results obtained
in this simulation can still be compared against those reported in the simulation
from (Zhao, Zaiser, et al., 2021) and thus are also included in the plot of Figure
4.5(a). It can be seen that the displayed stress-strain curves exhibit a strong grain
size dependent behaviour. The NG copper shows no strain hardening and fails
immediately after yield, i.e., around 530 MPa. This simulated behaviour agrees
well with the experimental findings of (Champion et al., 2003; Dasharath &
Mula, 2016; Y. F. Wang, M. S. Wang, et al.,, 2019; Zhao et al., 2006) for
nanograined copper and also with those of (Liang et al., 2017) who investigated
nano grained Ni. In contrast, and as expected, the stress in the CG layer keeps
increasing with the applied strain post yield and although the value of stress is
significantly lower than that in NG layer, a better ductility is observed.

The back stress was also output as a state variable and compared with the
experimental values measured by the unloading-reloading experiments of (C.
X. Huang et al., 2018). In particular, the evolution of back stress of homogenous
copper layers with different grain size is displayed in Figure 4.5(b) to
quantitively explain the significant contribution of back stress to the mechanical
response. The back stress strengthening, in other words the contribution of the
back stress, is significantly higher than that of the effective stress caused by pure
dislocation density strengthening (see equation 4.1). The back stress is mainly

caused by the GNDs generated within each layer and piled-up near the
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interfaces, i.e., IAZs. From Figure 4.5(b), it is observed that the back stress in the
NG and CG layers saturates rapidly after initial yielding. In contrast, the back
stress value of the IAZ keeps on increasing due to the continuous increase in
piled-up dislocations. The simulated data suggest that the stress and back stress
level of the IAZs can be as high as that in the NG layer when the strain is around
8 %. This indicates that the IAZs are crucial in the hardening behaviour of HSLs.
It can also been seen from this figure that the back stress in the NG layer
saturates around 347 MPa, which is in close alignment with the experimental
results presented in (Y. Wang et al., 2018) and with the numerical results found
in (Zhao, Zaiser, et al., 2021).

In the current formulation, back stress evolves during loading and unloading
(or reverse loading) due to its dependence on the plastic strain history. During
loading, back stress increases as dislocations accumulate and rearrange,
creating internal stresses that oppose further deformation. Upon unloading or
reverse loading, back stress partially relaxes as dislocations recover or
reorganize, but a residual back stress may remain due to the irreversibility of
plastic deformation. This behaviour reflects the kinematic hardening
characteristics of the material, where back stress contributes to the Bauschinger

effect and influences the material's response under cyclic loading conditions.
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Figure 4.5: Simulated and experimental (a) true stress-true strain curves (b)
back stress-true strain for homogenous-grained copper with grain sizes of 100

nm, 4 pm and 4.8 pm and for the IAZ.
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The deformation at 10 % tensile strain for these three homogeneous standalone
specimens taking into account of the JC damage factor are displayed in Figure
4.6. The necking is only observed in NG layer which indicates an early failure
as was highlighted above with the data plotted in Figure 4.5(a). The
corresponding JC damage accumulation factor at 10 % tensile strain in the NG
layer, in the 4 pm CG layer and the 4.8 pm CG layer was found to be 0.06, 0.0064
and 0.0063, respectively. This shows quantitatively that the damage factor in
the NG layer is one order of magnitude larger than that in the CG layers for this
given percentage of tensile strain. These different damage conditions are the
result of the smaller grain size in the NG layer which leads to this layer not
being able to sustain dislocation accumulation. However, when such a layer is
not standalone, i.e., when it is within a laminate structure, experimental results
reported in the literature suggests that such stress concentration is reduced
through the motion of dislocations in the CG layer near the interface i.e., the
IAZ. Such dislocation-induced back stress and dislocation hardening explains
why the stress in the IAZ keeps increasing with the strain as shown in Figure
4.5(b).
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Figure 4.6: Specimen deformation and corresponding JC damage accumulation
factor (i.e., SDV 24) at 10% tensile strain for homogenous copper layers with

grain size of (a) 100 nm (b) 4 pm and (c) 4.8 pm using.

4.3.3 Quantitative analysis of uniaxial tensile responses

of standalone IF
The developed model was adopted to investigate the effect of grain size on the
tensile properties of homogenous grained Interstitial-Free (IF) steel. The

dimension of the simulated dog-bone shaped specimen was adopted from Fang
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et al. (Fang et al., 2011) for comparison purpose. The specimen was discretized
into 1728 C3D8 elements, and the gauge section was refined to ensure mesh
independence for the simulated results. The strain rate was set to 5x10+ (X. Wu
et al., 2014; Zhao et al., 2020) and the material properties used can be found in
(Zhao et al., 2020). The stress (S11 direction), strain and all the state variables
discussed in the next section were calculated by the average value of the gauge
section. A Python script was compiled to extract the variables and plot the
results for comparison with experimental values.

Uniaxial tensile stress-strain curves obtained from the simulation of the IF steel
specimen with different grain size are displayed in Figure 4.7(a). The
experimental results from Li et al. (Li et al., 2017) and Yang et al. (Yang et al.,
2016) are also plotted for comparison. It is observed that the simulated stress-
strain curves vary greatly in the range of grain size considered, i.e., 0.096 pm to
35 pm. In addition, it can also be said that the simulated results correlate well
with the experimental data in terms of both initial yielding and subsequent
strain hardening.

Experimental results from (Li et al., 2017) show that the strength of nano
grained IF steel can be around 800 MPa but with limited ductility and almost
no work-hardening before failure (Meyers et al., 2006). A similar trend can be
observed in Figure 4.7(a). It is shown that when the grain size is 0.096 pm and
0.65 pm, the stress-strain curve tends to be flat right after yielding, which
indicates that the strain hardening saturates immediately post-yield. As
mentioned earlier, this is because dislocations rarely accumulate in the grain
but are absorbed since smaller grains have less space for dislocation
accumulation and slip. More interestingly, the premature necking phenomenon
of the NG specimen is also captured as shown in Figure 4.7(a). The strong but
brittle nature of NG material (Fang et al., 2011) which is a result of strain
localization is predicted using the proposed constitutive model.

Figure 4.7(b) also shows that the back stress is grain-size dependent. The back

stress saturates right after the initial yielding when the grain size is on the
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nanoscale while it increases with strain when the grain size reaches the micro
scale. This trend agrees well with the experimental results obtained on copper
in (Mahato et al., 2016; H. Wang et al., 2018) where the back stress of CG copper
was reported to increase with strain until 20% but saturated at a strain of 1% for
the NG copper. It is also observed from Figure 4.7(b) that the simulated back
stress increases with the reduction in grain size. This inverse dependence
correlates well with the experimental findings and other numerical findings as

well (S. Lu et al., 2019).
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Figure 4.7: The predicted curves of (a) stress-strain and (b) back stress-plastic
strain for homogeneously grained IF-steel with the grain size varies from 0.096

pm -35 pm.

Next, the respective contribution of GBs, SSDs, GNDs form both sample level
and grain level and related back stress were output as state variables using the
developed subroutine. In this way, the source of hardening and the respective
influence from these different factors could be further investigated. The
evolution of the contribution of different factors for the grain size 35 pm and
0.096 pm are displayed in Figure 4.8(a) and Figure 4.8(b) respectively. The final
contribution of different factors to the final flow stress are displayed in Figure
4.9.

It is found that the flow stress is mainly dominated by the GBs strengthening,

according to the H-P effect, and the back stress for both CG and NG IF steel.
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However, the contribution of the SSDs for the CG IF steel is also important
while negligible for the NG counterpart. This is because, the larger grain size
allows more pile up accumulation within the grain thus leading to higher SSDs.
The GNDs at the grain level tend to pile up in front of GBs and generate back
stress on the grain level. A smaller grain size would lead to a larger density of
GBs thus more piled-up GNDs on the grain level which explains the higher
contribution of GND grain when the grain size is the smallest, i.e., 0.096 pm.
The GNDs from the sample size rarely contributes to the flow stress. This is in
accordance with the strain gradient plasticity (SGP) theory (Fleck & Hutchinson,
1997) in consideration of the millimetre (mm) scale of the specimen. Besides,
Figure 4.8(b) displays that the back stress and GNDs form the grain level of the
specimen with 0.096 pm grain size saturate right after yielding. This is because

smaller grains do not have enough space for dislocation accumulation and slip.
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Figure 4.8: The evolution of contribution from different factors to the flow stress

of homogenous IF-steel with different grain sizes, (a) d=35 pm, (b) d=0.096 pm.
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Figure 4.9: The contributions of different factors to the flow stress of

homogenous IF-steel with different grain sizes.

4.3.4 Uniaxial tensile response of HSLs

The closeness of results between the experimental and numerical data obtained
with the developed framework for standalone layers as reported in sections
4.3.1 to 4.3.3 provides some confidence that the numerical framework could be
subsequently applied to further investigate the uniaxial tensile properties of
HSLs with different layer thicknesses and NG layer volume content.

As mentioned in section 4.1, the rule of mixture (ROM) has been widely used
to calculate the mechanical response of laminate structures made of different
volume contents. When implementing the ROM (Zhao et al., 2022) for
laminated composites, the yield stress, strain hardening, and wuniform

elongation are calculated as follows:

Oys = ZViO—i,,ys (4'14)
do do;
=y = 4.15
de 2V de (415
_ 2Vioiye€iue
Eyg = V.08 (4.16)

!

where V; is the volume fraction of component i, g;,, is the flow stress of
component i alone at 0.2 % plastic strain of the composite sample, g; is the true
stress of component i, 0 and ¢ are the stress and strain of the composite sample
and o; yg, & yg are true stress and true strain of the sample at necking point. As
acknowledged earlier from published literature, the yield stress of HSLs using
the ROM method correlates well with experimental values when the volume
content of the [AZs is relatively low although the predicted strain hardening
rate and uniform elongation are still smaller than the experimentally observed
values (Ma et al., 2015; Zhao et al., 2022).

Because IAZs are not taken into account with the ROM method, Zhao et al.

(Zhao, Zaiser, et al., 2021) proposed a modified ROM approach as shown in
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equation (18) for calculating material properties of HSLs samples by volume
average over the three regions, i.e. the NG layer, CG layer and the IAZs.

ocGVeg + 01azViaz + ongWne
Olaminate — (417)

Vtotal

where 0y, minate 18 the stress of the laminate and V., is the total volume of the
integrated sample, ocg, gjaz and ong are stresses for the three regions and Vg,
Viaz and Vg are the volumes for these respective regions. Good correlation
between theoretical modelling and experimental results were obtained by these
authors. Therefore, in the following sub-section, the ROM approach and the
modified ROM method from Zhao and co-workers (Zhao, Zaiser, et al., 2021)
are implemented and analysed further.

Effect of layer thickness

It has been widely verified experimentally that the strength-ductility balance of
HSLs outperforms their homogeneous grained counterparts and that the layer
thickness can be optimised to achieve superior properties (Fan et al., 2016; C. X.
Huang et al., 2018). Herein, the effect of layer thickness on the tensile response
of HSLs composed of copper layers with different thicknesses is investigated.
The experimental data reported in (C. X. Huang et al., 2018) and the stress-strain
curves simulated with the developed framework for copper-based HSLs with
thickness values of 3.7 pm, 7.5 pm, 15 pm, 30 pm, 62 pm and 125 pm are
displayed in Figure 4.10(a).
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Figure 4.10: Plots of simulated stress-strain curves using modified ROM

method for copper-based HSL composites with different layer thicknesses
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against (a) experimental results from (C. X. Huang et al., 2018) and (b) ROM

predictions from (Zhao, Zaiser, et al., 2021).

From this figure, an obvious layer thickness dependent behaviour is observed.
More specifically, a smaller layer thickness leads to a higher stress. This
outcome is expected as a smaller layer thickness leads to a higher IAZs density.
In the case of the 3.7 pm layer thickness, the IAZs may also overlap. However,
this high stress comes at the expense of a reduction in ductility since the
effectiveness of back stress hardening is limited. Experiments reported in the
literature also show that, during plastic deformation, emitted dislocations at the
IAZs span on the order of several micrometres, which is consistent with the fact
that the width of an IAZ is also the characteristic length in the strain gradient
plasticity theory. Smaller interface spacing means a higher IAZs density which
further leads to a higher density of GNDs. The stress concentration is further
transmitted from the IAZs to inner parts of CG layer by dislocation activities.
When the layer thickness is relatively small, i.e., 3.7 pm, this transmission is
hindered by overlapping IAZs. Consecutively, the smaller the layer thickness,
the more limited the ductility. The content of IAZs increase from 3.3 % to 100 %
when the layer thickness decreases from 125 pm to 3.7 pm. X-ray tomography
and digital image correlation data obtained in (Fan et al., 2017) reveal that the
interface between layers in the laminate can act as local stress/strain
transformer and delay crack initiation and propagation. It can be seen from
Figure 4.10(a) that a lower IAZs content, namely when the layer thickness is
larger than 15 pm, is associated with a better alignment of experimental and
numerical results. On the other hand, when the IAZs content is relatively high,
i.e., for layer thicknesses of 3.7 pm and 7.5 pm, obvious deviations can be
observed which indicates that appropriate modelling of the IAZs and the
interfaces are crucial in the tensile response of laminates.

The simulated results are also plotted and compared with results obtained
using the ROM method as shown in Figure 4.10(b). As stated earlier, the IAZs
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are not considered in the ROM method and the volume content the NG and CG
layers remain constant, i.e.,, 50 % for each layer regardless of the changing
thickness. This inevitably leads to overlapping predictions using this method as
seen in this figure. Besides, this figure illustrates that the ROM-based
predictions are smaller than the experimental data. Again, this indicates the
crucial role of IAZs in strengthening the laminates.

Considering the significant role that back stress plays in hardening gradient and
laminate structures (Wu & Zhu, 2017; Yang et al., 2016), the back stress for
laminates fabricated with different layer thickness is also analysed in the
presented work. In Figure 4.11(a), the simulated back stress is plotted and
compared with experimental data from (C. X. Huang et al., 2018). It can be seen
that the evolution of the back stress for laminates with the considered layer
thicknesses of 7.5 pm and 31 pm agree well with the experiments and that a
smaller layer thickness leads to a higher back stress. This is due to the fact that
the back stress is mainly caused by GNDs generation and pile-ups near the
interfaces. A larger amount of GNDs is expected with larger interface densities
i.e., with smaller layer thickness. It can also be observed from Figure 4.11(a) that
the back stress increases drastically until 1% true strain and tends to saturate
afterwards. This indicates that the back stress hardening is most effective in the
early stage of deformation which also correlates well with experimental
findings (C. X. Huang et al., 2018). The calculated effective stress aGb,/p (Gao
et al., 1999) is also plotted and compared with experimental findings from (C.
X. Huang et al., 2018) as shown in Figure 4.11(b). It can be seen that the back
stress is significantly higher than the effective stress which is also aligned with
experimental findings reported in (Ren et al., 2022). The simulated trends are in
good agreement with the experimental data, although discrepancies with exact
values are noticed, especially for the effective stress, which might stem from the

texture changing during the manufacturing process.
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Figure 4.11: Evolution of (a) back stress and (b) effective stress for the simulated
copper-based HSLs with different layer thickness and comparison with

experimental findings from (C. X. Huang et al., 2018).

Effect of NG volume content

The developed model was further applied to study the uniaxial tensile
properties of copper-based HSLs with different NG volume content and the
simulated results compared against the experimental investigation presented
in (Ma et al., 2015). The modelling details follow the experimental set up
described in (Ma et al., 2015) for post mortem comparisons; specifically, the
volume content of the NG layer is set to 0.1, 0.22 and 0.47 while the thickness of
the specimen was 600 pm.

Figure 4.12 shows the comparisons of the stress-strain curves with different NG
volume contents between the theoretical predictions obtained in this work by
implementing 1) the modified ROM method, 2) the classical ROM predictions
(Zhao, Zaiser, et al., 2021) and 3) the experimental results (Ma et al., 2015). The
predicted results using the modified ROM method are slightly larger than those
from the classical ROM predictions in all cases. This is because the effect of IAZs
is not included in the ROM method. Generally, the simulated stress-strain
curves for all considered NG volume contents agree well with the experimental
results (Ma et al., 2015) and the ROM predictions (Zhao, Zaiser, et al., 2021). The
reason why the ROM method is also well-aligned with the experimental results

here is likely due to the fact that the IAZs take up only 1.9 %, 2.1 % and 3.1 % of
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the CG layer, for the respective volume contents investigated, and thus, can be
considered to have a negligible effect on the overall properties.

The model predictions match the experimental data well in the initial stages of
deformation (elastic regions). However, as the strain increases, the predicted
stress-strain curves tend to deviate slightly from the experimental results. This
suggests that the model captures the initial deformation behaviour but may not
fully account for the complex deformation mechanisms that dominate at higher
strains. The constitutive model is based on dislocation density evolution and
back stress mechanisms, which are effective in describing the initial
deformation. However, at higher strains, other factors such as dynamic
recovery, grain rotation, and damage mechanisms (e.g., void formation or
microcracking) may become significant. These factors are not explicitly
included in the current model, leading to discrepancies at larger strains. While
the current model provides a good approximation of the mechanical behaviour
of hetero-structured laminates, the discrepancies observed in Figure 4.12
indicate that further refinements, including more mechanism and realistic
consideration of interfaces, are needed to fully capture the complex
deformation mechanisms at higher strains. Acknowledging these limitations
including is crucial for guiding future improvements to the model and ensuring

its applicability to a wider range of loading conditions and material systems.
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experimental results from (Ma et al., 2015) for laminates with different volume

content of NG layer.

Outcomes from the integrated FEM model developed in this research

The previous two sections investigated the effectiveness of the classical ROM
approach and the modified ROM method from Zhao and co-workers (Zhao,
Zaiser, et al., 2021) to quantitatively predict the effect of the layer thickness and
the NG volume content on the tensile response of copper-based HSLs.
However, experimental data (Ma et al., 2015) show that the synergetic effect of
the NG and CG layers would produce a more significant strengthening than
that inferred by the weight-based mathematical formulae that characterise both
methods. Besides, the CG and NG layers experience different damage
characteristics when considered as standalone entities compared to when they
compose a HSL stack. To shed further light on the constraints and the synergy
of the NG and CG layers, an integrated finite element method (FEM) model is
developed to study the mechanical response of the ‘sandwich structure” of HSL
materials rather than studying the separate standalone layers.

One should notice that for homogenous grained copper, a Taylor constant M of
3.06 is adopted for the CG, the NG and the IAZ material. However, the
laminates are manufactured by HPT, rolling and annealing which would result
in a different grain size for final specimens, especially for the NG layers (C. X.
Huang et al., 2018; Zhao, Zaiser, et al., 2021). In consideration of this, a Taylor
constant of 2.45 is adopted for the NG layer in the laminates following the study
presented in (Starink & Wang, 2003) while the rest of the material properties
remain unchanged. The model consists of three regions, namely the CG, the NG
and the IAZs, as previously illustrated in Figure 4.1(b). These regions were
geometrically modelled to adhere to the experimental conditions of (C. X.
Huang et al., 2018; Ma et al., 2015) and were meshed suitably. The predicted
stress-strain curves using the integrated FEM model of copper-based HSLs with
different layer thicknesses and NG volume contents are plotted in Figure 4,13.
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This figure also includes experimental data from (C. X. Huang et al., 2018; Ma
et al., 2015) for comparison purpose. The simulated stress-strain curves with
different layer thicknesses correlate relatively well with experimental values.
Similar to what was found earlier when implementing the modified ROM
method from Zhao and co-workers (Zhao, Zaiser, et al., 2021), the larger the
layer thickness, the better the approximation. This indicates again the crucial
role of interfaces and the IAZ. For the laminates with different NG volume
contents, i.e.,, Figure 4.13(b), the simulated stress-strain curves also agree
relatively well with experimental data for all considered scenarios. As
discussed earlier, the IAZs content considered for all simulations in this figure
is lower than that for the simulations Figure 4.13(a) where the layer thickness is
small and thus, a better correlation can be achieved. This figure also indicates
that the mutual constraints between the NG and CG layer are negligible in the
scenarios modelled in Figure 4.13(b) because the results displayed are close to

the results in Figure 4.12.
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Figure 4.13: (a) Plots of simulated stress-strain curves for copper-based HSLs
using the integrated FE model with (a) different layer thicknesses against
experimental results from (C. X. Huang et al., 2018) and (b) different NG volume

contents against experimental results from (Ma et al., 2015) .

To investigate the mutual interactions between the NG and the CG layers, the
lateral stress distribution, of the laminates with 10%, 22% and 47% NG volume

content at the true strain of 0.5 % is shown in Figure 4.14 together with the
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numerical results from Zhao et al., (Zhao, Zaiser, et al., 2021) for comparison.
Experimental observations at this stage report that the CG layer has yielded
while the deformation in the NG layer is still pre-yield, i.e., elastic (Wu & Zhu,
2017). The selected simulation path in the presented work corresponds to the
middle section of the specimen along the thickness direction as shown in the
inset of Figure 4.14(b). The presented results agree well with the numerical
findings of (Zhao, Zaiser, et al.,, 2021) where 5 different paths on the cross
section were selected. The lateral stress is negative in the NG region while
positive in the CG region. This reveals the severe ‘shrinkage” of the NG layer
along the lateral direction and the multiaxial loading in the HSL structure. This
incompatibility between the NG and the CG layers during deformation was
also reported in the experiments conducted in (C. X. Huang et al., 2018). The
lateral stress distribution in the CG layer was found to be around 5 MPa which
is close to the results reported in (X. L. Wu et al., 2014; Zhao et al., 2020), while
the lateral stress distribution in the NG layer can be relatively high, such as -25
MPa. It can also be observed from Figure 4.14(b) that the smaller the NG volume
content, the larger difference in lateral stress between the CG and NG layers.
This indicates that a smaller NG volume content would lead to a larger
incompatibility between both layers. This bi-axial stress state can activate more
slip systems and contributes to extra strengthening beyond the predictions

made using the ROM method (X. Wu et al., 2014).
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Figure 4.14: (a) Comparisons of simulated lateral stress distribution of 10 % NG

volume content of a copper-based HSL at the true strain of 0.5 % with numerical
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results presented in (Zhao, Zaiser, et al., 2021); (b) lateral stress distribution of
simulated copper-based HSLs with different NG volume contents at the true

strain of 0.5 %.

In the integrated FEM model developed here, the NG layer in the HSL displays
no necking in the first 10 % true strain (see Figure 4.15(b)) while the stand-alone
NG layer started necking at 0.4% true strain (see earlier Figure 4.5(a)). A similar
phenomenon was observed in the experiments conducted in (Ma et al., 2015)
where the NG layer in the laminates started necking at the strain of 12% while
their stand-alone NG layer counterparts yielded at an early strain of 0.7 %. The
maximum JC damage accumulation factor in the NG layer of the copper based
HSL composite was simulated to be around 0.0065 for all layer thicknesses
considered at a strain of 10%, as shown in Figure 4.15(a). This is significantly
smaller than that in standalone NG layer, which was found to be 0.06 (c.f. Figure
4.6(a)) for the same value of strain. This is explained by the fact that early
necking of the NG layer in HSL structures is suppressed by the CG layers
through the formation of two IAZs on both sides (Wu & Zhu, 2017). The early
tensile failure exhibited in a standalone NG specimen is thus avoided. The
damage accumulation factor in the NG layer for different thicknesses is also
displayed with Figure 4.15(a). It can be seen that the smaller the layer thickness,
then the smaller the damage factor. This indicates that the NG layer is protected
by the neighbouring layers since the smaller layer thickness means a larger
interface/IAZs density. The damage factor in the NG layer for copper-based
HSLs with different volume content is given with Figure 4.15(b). As reported
above, the damage factor in this situation is about one magnitude smaller than
that for a standalone NG layer, which indicates that the neighbouring IAZs and
CG layer alleviates the stress concentration. However, with the increase in the
volume content of the NG layer, the stress concentration cannot ultimately be
lessened. This leads to a larger damage factor and thus, an earlier failure as
observed in experiments conducted in (Ma et al., 2015).
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Figure 4.15: (a) The simulated JC damage accumulation factor of the NG layer
in HSLs with layers of different thicknesses, (b) The simulated JC damage
accumulation factor of the NG layer in HSLs with 10 %, 22 % and 47 % NG
volume content using the integrated FE model developed in this research.

The numerical results presented in this work using the modified ROM method
from Zhao and co-workers (Zhao, Zaiser, et al.,, 2021) and the developed
integrated FEM model, including the output stress-strain curves,
microhardness, back stress and JC damage factors correlate well with the
corresponding experimental observations. However, the simulated stress-strain
curves in Figure 4.10(a) and 4.13(a) for the copper-based HSL with different
layer thicknesses still somewhat show some degree of discrepancy with
experimental values. A first possible reason behind this outcome may be due to
the uncertainty around the thickness of IAZs as various values are reported in
the literature, i.e. 5 pm to 6 pm in (C. X. Huang et al., 2018) and the size of one
coarse grain in (Zhao, Zaiser, et al., 2021). A second possible source of error may
be linked to the uncertainty in the value of the Poisson’s ratio of the CG layer in
the integrated HSL structure simulations. More specifically, findings from (X.
Wu et al., 2014) suggest that the Poisson’s ratio of this layer changed from 0.36
to 0.5 to accommodate the mechanical incompatibility between layers. As a
result, the uniaxial tensile loading turns into a bi-axial one and more slip
systems are activated which contribute to the extra strengthening (X. L. Wu et

al., 2014). The interaction between the NG and CG layers is found to make a
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significant contribution to back stress (Y. Wang et al., 2018) and this synergetic
hardening behaviour needs to be further investigated. In addition, the cohesive
interfaces between different layers were not included but modelled as a whole
part in this research which will ineluctably lead to deviations of the laminate
properties.

While this work focusses on the heterogenous deformation-induced hardening,
the hardening of such structures (Wu et al., 2020) might also stem from various
sources such as the additive effect of individual layer by forest hardening as in
gradient structures, compressive residual stress induced strain hardening, and
partly recovered forest dislocation hardening due to the change of stress state
in the NG layer. The change in grain size in different layers during the
deformation process and due to the manufacturing process as well as nanotwin
boundary-mediated strain hardening might contribute to the deviations as well.
For example, grain coarsening in the NG layer of gradient copper was observed
in (Chen et al., 2017) and ‘strain softening’ was induced as a result, and
consequently, an enhanced strength-ductility synergy was achieved. In future
studies, the evolution of grain size should be modelled as a function of
temperature and stress-strain rate to achieve more accurate predictions. In
addition to this, damage initiation and fracture are a complicated process
especially in such ‘sandwich’ structures where necking-delayed ductile mode
to necking-inhibited brittle mode transition (Liang et al., 2017), interface
delamination and slip bands activities (Zhao et al., 2022) are involved. The
inclusion of cohesive interfaces with reasonable progressive failure criterion has

the potential to lead to further advances when investigating this problem.

4.4 Conclusions

In the presented work, a multiple physical mechanism based constitutive model
coupled with the JC damage criterion was developed to simulate the
deformation of HSLs and particularly, to investigate and quantify the internal

damage evolution in such structures. The evolution of GNDs, SSDs and
69



resulting back stress were taken into account using dislocation pile up theory.
The simulated microhardness, stress-strain curves and back stress evolution
agreed well with published experimental results. The important conclusions
that can be drawn from this work are as follows:

(1) The developed HSL simulation model is considered to outperform the
traditional ROM and the modified ROM methods due to its ability to investigate
the interactive constraints between the CG and NG layers and to quantify the
damage conditions throughout the deformation process.

(2) Given the ability of the developed model to evaluate the damage
accumulation factor in the NG layer, simulations outcomes were obtained
which aligned with the following known experimental observations: 1) the
smaller the layer thickness, then the smaller the internal damage and 2) the
internal damage increases with the increase in volume content of the NG layer.
(3) For a set simulated strain of 10%, it was found that the damage accumulation
factor in the NG layer was 10 times lower than that in a stand-alone NG layer
not sandwiched between two CG layers. This confirms that good protection of
the NG layers is provided by the CG layers during deformation in HSLs.

(4) Deviations from experimental data were observed when predicting the
stress-strain curves of HSLs with smaller layer thickness values using both the
developed model and the modified ROM method, as displayed in Figure 4.7
and Figure 4.10. The observed discrepancies may result from the complex
interactions of multiple mechanisms as well as the lack of consideration for
grain-level deformation and orientation effects. It is anticipated that the
inclusion of interfaces and a reasonable traction-separation progressive failure
law in the proposed FEM model should have the potential to address this issue.
It is anticipated that the developed framework could be easily adopted to
simulate other metallic heterogeneous materials especially in the context of
dynamic manufacturing processes, such as forming. Thus, the proposed
framework should support the application of metallic laminates, and

potentially gradient metallic structures too, by supporting the optimal design
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of such materials.
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Chapter 5 A full-field non-local
crystal plasticity investigation of bi-
layered HEA

5.1 Introduction

In this Chapter, the study from Fu and co-workers (Fu, Huang, et al., 2022), who
fabricated bi-layered high entropy alloy (HEA) specimens utilising laser shock
peening, was adopted as the benchmark against which the results of the
developed model could be compared. Initially, uniaxial tensile simulations on
homogenous grained HEAs with grain sizes ranging from 5 pm to 100 pm were
conducted to validate the model. Subsequently, the proposed framework was
applied to simulate the uniaxial tensile behaviour of a heterostructured HEA
and the obtained results compared to the experimental data given in (Fu,
Huang, et al., 2022). By comparing simulation results with experimental
findings, the deformation characteristics and strengthening mechanism of

heterostructured materials could be comprehensively discussed.

5.2 Numerical framework and FEM model

In this section, the development and implementation of a non-local CPFEM
framework are presented. The framework incorporates essential components,
including the slip model, the hardening model, and the calculation of GNDs,
which contribute to the resultant back stress. Additionally, the implementation
details of the model are discussed, providing a foundation for its application in

simulating material behaviour at the microscale.

5.2.1 CPFEM constitutive model
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Slip model

The shear strain rate y* generated by the dislocation motion of slip system a is

expressed as (Ashby, 1970):

Y4 =70 ('i') sgn(z) (5.1)

C

where y, is the reference shear rate, n is the power law exponent, t¢ is the shear
stress acting on the slip system and t¢ is the critical resolved shear stress (CRSS)
which describes resistance to gliding dislocations. The CRSS can be further
formulated as (McCabe et al., 2010):

T8 = (t9)° + Ty + 7 (5.2)
where (7¢)° is the initial CRSS, 7£,,, is the forest dislocation interaction stress
and 7g,;, is the dislocation substructure interaction stress.

Hardening model

It was pointed out in (Wulfinghoff & Bohlke, 2015) that meaningful boundary
conditions for the dislocation evolution equations are required if they are to be
applied to problems with more complex interfaces or open boundaries.
Considering difference in properties between finer and coarser grain regions,
the Kocks-Mecking-Estrin (KME) dislocation density model was adopted to
account for dislocations generation and annihilation. Thus, the evolution of

forest density for slip system g, Apﬁor, is as follows (Mecking & Kocks, 1981):
80f0r = (ks [Pfor = ka(&, TIpfr ) 710 (5:3)

where k; is the hardening constant, At is the step time increment and k, is the

annihilation constant. k; ’ pfor Tepresents the rate of dislocation storage by

statistical trapping of gliding dislocations by forest obstacles. k,(¢,T)pf,,
accounts for dynamic recovery by thermally activated mechanisms such as

dislocation cross-slip and climb, which can be obtained through (McCabe et al.,

2010):

73



{be KT é
k2 = k1—<1—mln g)

7 (5.4)
where g“ is the effective activation enthalpy, D¢ is the drag stress, &, reference

slip rate. The hardening caused by forest dislocations ¢, can be expressed as:

oy = 467D [of, (5.5)

where { is the dislocation interaction parameter, G is the shear modulus and
b® is the magnitude of the Burgers vector. Dynamic recovery is often associated
with thermal activation of dislocation cross-slip and climb, and the formation
of dislocation substructures is concomitant with these recovery processes. The
term substructure dislocation is used to describe dislocations that are
statistically stored within the substructure due to deformation and contribute
to the total dislocation density. Substructure dislocations primarily arise from
local plastic deformation processes and are essential for capturing the
hardening behaviour. As a consequence, the rate of substructure dislocation
Apgy, development was coupled to the rate of recovery of all active dislocations

through (McCabe et al., 2010):
A.Dsub = qz fa\/ psubkzp]gorlyalAt (56)
a

where g is the rate coefficient, ¢ is the fraction of recovery rate that leads to
substructure formation. Dislocation dynamics simulations show that the
contribution to hardening by dislocations stored within substructures, such as
cell walls, can be written with the following extended Taylor law (McCabe et

al., 2010):

Tsub = ksubGaba Psub 1n< (57)

1
ba\/ psub)

where kg, is an empirical parameter.

5.2.2 GND calculation

The GND density is calculated from Nye’s dislocation density tensor A (Nye,

1953), which can be expressed based on the curl of plastic deformation gradient
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FP (Arsenlis & Parks, 1999; Das et al., 2018; Demir et al., 2024b):

A=(V><F PT)T (58)
Thus, the GND density pgyp can be obtained as:
1
penn=IATT(TAIATT) A} (5.9)

where [A] is the linear operator matrix calculated based on slip line direction t,
slip plane normal n and Burgers vector b. {A} is the vector form of the Nye’s
dislocation density tensor A. The GND density is calculated using singular
value decomposition, followed by inversion to determine the dislocation
densities. The solution is constrained to the active slip systems (Demir et al.,
2024a), which are identified based on the total slip magnitude of each slip
system.

Via incorporating the effect of GNDs, the forest dislocation density pf,, in

equation (5.3) can be further modified by the projection of GNDs:
pfaor = Ap](‘lor + Z |na ' tgllpgND,el + |na : S?llpIG)ND,s| (5.10)
b

where t? is the dislocation line direction, n® is the slip plane normal, s? is the
slip direction. The calculation of hardening caused by forest dislocation 77, in
equation (5.5) and substructure dislocations Apyg,,;, in equation (5.6) are updated

accordingly. pf,; can be obtained as:
Apsup = qz f Psubkapforlv 1AL (5.11)
a

A more detailed introduction regarding the fundamental aspects of the
developed numerical framework including the definition of grain rotation can

be found in (Beausir et al., 2007; Demir et al., 2024a).

5.2.3 Back stress model

Physically, the back stress results from the spatially heterogeneous distribution
of GNDs (Zhang, Zhao, et al., 2023; Yin Zhang et al., 2024). High energy X-ray
diffraction microscopy techniques proved that even at lower length-scale, the

GND back stress model is in close agreement with the thermodynamic origin
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of back stress in a pure continuum mechanics framework of crystal plasticity
constitutive relations (Bandyopadhyay et al., 2021). Besides, it involves only one
unknown parameter and enables one to initialise back stress at each point
within a microstructure in the crystal plasticity analysis (Bandyopadhyay et al.,
2021). This is favourable considering the significant amount of initial
dislocations induced by laser shock peening in the experimental work from Fu
et al. (Fu, Huang, et al., 2022), which is considered here for evaluating the
outcomes of the model. In the context of this work, where the focus is on
developing a full-field non-local crystal plasticity finite element model to
investigate cooperative strengthening mechanisms in metallic heterostructured
materials, it is of interest to probe the effect of GND-induced kinematic
hardening on the strain hardening behaviour. Thus, following the work in
(Kapoor et al., 2018), the back stress o? caused by GND density on slip system
pénp was calculated as:

o = KG*b\[pSp (5.12)
where, K is a scaling constant. the shear modulus G¢ used for each slip system
is the macroscopic shear modulus of the material, which is assumed to be the
same for all slip systems. It is noted that the back stress in Eq. (12) is formulated
based on the magnitude of stress and does not explicitly consider its sign. This
approach aligns with the assumption that the kinematic hardening evolution is
driven by the absolute value of plastic deformation rather than the direction of
the stress tensor components. This simplification is consistent with similar
models in the literature work (Kapoor et al., 2018).

Equation (5.1) was further modified as:
n
7= To ('T;—“b)'> sgn(® - a®) (513)
Thus, this model connects the mathematical description of kinematic
hardening, in the context of crystal plasticity, to the underlying mechanisms at

the microscopic level.
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5.2.4 Damage model

Stress mismatch between two regions results in high triaxiality (Liu et al., 2017;
Yu et al., 2018), which is a key damage characteristic (Tvergaard et al., 1990).
Thus, a reasonable damage model should be developed to investigate damage
nucleation in heterostructured materials. Herein, the JC dynamic failure model,
proven to be robust for microscale processes affected by large deformations (Lai
et al., 2008; Z. Wang et al., 2019), especially within a CPFEM framework
(Boubaker et al., 2021), was adopted as the damage criterion. The JC failure
model comprehensively includes the effect of strain hardening, strain rate and
temperature. More specifically, the JC failure model is based on the calculation

of the equivalent plastic strain, which is expressed as introduced earlier in
equation (3.16). A summation of incremental failure strain Ae‘}? ! was carried out

over all increments for assessing the failure criterion, w (Johnson & Cook, 1985),

as shown in equation (3.17).

5.2.5 Model implementation

The developed non-local CPFEM model was implemented into a user-defined
material subroutine (UMAT) (Dunne et al., 2007; Hardie et al., 2023; Liang &
Dunne, 2009). The tensile simulations were performed with the commercial
FEM software ABAQUS. Table 1 shows the material properties adopted in this
work. As mentioned earlier, the experimental data used in this research to
validate the developed model were those reported by Fu and co-workers (Fu,
Huang, et al, 2022), who investigated the heterostructured
CrFeCoNiMno 75Cuo25 high entropy alloy. The studied HEA has face centred
cubic (FCC) crystal structure, and the dominant slip system is 111 110. The
readers should note that in crystalline materials, deformation typically occurs
through the activation of multiple slip families rather than just one. The use of
a single slip system simplifies the physical reality of plastic deformation, as it

ignores the complex interactions between multiple slip families that are often
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observed in real materials. As material properties for this specific alloy are not

all available from the literature, care was taken to select values relevant for this

HEA.
Table 5.1: Material properties.

Parameter Symbol Value
C11 264.6 GPa
Elastic moduli (Fang et al., 2019) C12 184.8 GPa
C44 112.9 GPa
Magnitude of the Burgers vector (Gao et al., 2020) b 0.252 nm
Power law exponent n 10
Initial CRSS 0 101.5 MPa
Reference slip rate Yo 0.001
Hardening constant ky 1
Dislocation interaction parameter ¢ 0.9
Effective activation enthalpy (Gao et al., 2020) g® 3x10+4
Drag stress (Gao et al., 2020) D? 500 MPa
Reference slip rate o 1x107
Rate coefficient (McCabe et al., 2010) q 4
Fraction of recovery rate f¢ 20
Empirical parameter keup 0.086
References strain rate (s7) Eref 1
Initial GND 0o 1013
Scaling constant of back stress (Kapoor et al., 2018) K 0.4
d 0.54
d> 4.89
Johnson Cook damage parameters (Johnson & 7 303
Cook, 1985)
ds 0.014
ds 1.12
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5.3 Uniaxial tensile response of homogeneous HEA

specimens

Before investigating the deformation behaviour of the bi-layered HEA
specimen considered in this work, the tensile response of each separate
homogeneous polycrystalline regions was simulated first. In this section,
simulations were carried out to validate the ability of the developed model to
capture the GND-induced effect and corresponding mechanisms. In particular,
five homogeneous-grained models with grain size ranging from 5 pm to 100 pm

were considered.

5.3.1 CPFEM modelling

A 2D model was employed to ease the computational burden. In particular,
representative volume elements (RVEs) consisting of 32 randomly oriented
grains as displayed in Figure 5.1(a), were employed for the homogeneous-
grained material simulations. The initial flow stress of FCC polycrystals
depends both on the grain size and the initial dislocation density (Zhang, Zhao,
et al., 2023) and samples with the same grain size and dislocation density
distribution, but randomly generated grain orientation, exhibit varied
mechanical properties. In order to avoid the influence of the initial dislocation
density, it was set to 0.1/ pm? in all cases studied in this section. In addition,
the grain orientation was kept constant between the different samples
simulated here. The polycrystalline models with varying grain size were
generated using the open-source software Neper (Quey et al., 2011). They
displayed the same grain morphology and were discretized using CPS4
elements. In other words, the parameters used for the validation work reported
in this section, including grain orientations and initial dislocation density, were
all identical apart from the grain size. In this way, the effect of the grain size
could be isolated and effectively studied between the five homogeneous-
grained models considered. An initial mesh sensitivity study showed that the

mesh resolution adopted was sufficiently high for the modelled homogeneous
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polycrystals, as shown in the Appendix. To simulate uniaxial tensile
deformation, displacement constraints of U, = 0 and U, = 0 were applied on
the lower and left surfaces, respectively as displayed in Figure 5.1(a).
Furthermore, for ease of data post-processing, a coupling constraint was
applied to all the nodes on the top surface and the reference point to ensure that
their displacements and reaction forces along the y-axis were the same. The
tensile displacement was applied at the reference point at a constant strain rate
of 7.14 x 10-4 s71, aligned the experimental loading condition reported in (Fu,
Huang, et al., 2022) by Fu and co-workers. The material parameters adopted for

this constitutive model were summarised earlier in Table 5.1.
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Figure 5.1: (a) RVE containing 32 randomly orientated grains generated using
the Voronoi algorithm and boundary conditions adopted during the finite
element simulations. Simulated (b) stress-strain curves and (c) GND densities
for homogeneous polycrystals with grain sizes ranging from 5 pm to 100 pm.
Results without GND hardening are also shown in (b). Contribution of (d) back
stress hardening and (e) GND-induced isotropic hardening to the flow stress

for homogeneous specimens with grain sizes in the range of 5 pm to 100 pm.
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5.3.2 Validation of the constitutive model and parameter
calibration

Figure 5.1(b) and (c) show the simulation results for the five homogeneous
polycrystalline specimens with grains sizes ranging from 5 pm to 100 pm.
Engineering stress-strain curves were computed from the force-displacement
data obtained with the simulations. As shown in Figure 5.1(b), all samples
exhibit increasing flow stress with increasing strain, indicating strain
hardening. It can also be observed that the flow stress increases gradually with
the decrease of the grain size. Thus, it can be said that the developed model can
predict the grain size effect without introducing any grain size-dependent
parameters in its set-up. When the grain size increases above 39 pm, the
simulated stress-strain curves display minor variation, indicating that the grain
size effect becomes rather weak. This is corroborated with the data given in
Figure 5.1(c) as the GND density tends to stabilise and be minimal at this grain
size and higher. The stress-strain curves simulated without considering GND
hardening were also obtained for all five specimens. However, these curves
overlapped since the grain orientation was identical for all five cases simulated.
For this reason, only one curve labelled “no GND cases” is displayed in Figure
5.1(b) for comparison. From Figure 5.1(b), it is also noted that the grain size does
not contribute to the elastic limit, but only significantly affects the flow stress
during the plastic deformation stage. Besides, while all simulated specimens
show strain hardening, the strain hardening rate increases as the grain size
decreases. This coincides with experimental results obtained from FCC metals
(Fang et al., 2011) and the simulation data reported in (Haouala et al., 2020;
Zhang, Zhao, et al., 2023). The above results indicate that the developed model
can be utilised to study grain size-dependent problems such as those for

heterostructured materials.
5.3.3 Grain size effect
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The back stress was calculated based on the simulated GND density following
equation (5.12). To study their respective individual influence on the strain
hardening behaviour, the GND-induced kinematic hardening i.e., the back
stress, and the GND-induced isotropic hardening were separately assessed.
Figures 5.1(d) and 1(e) show the contribution of the back stress and of the GND-
induced isotropic hardening on the flow stress, respectively. Figure 5.1(d)
indicates that the back stress emerges at the onset of plastic deformation. This
agrees with the experimental findings from (Cheng et al.,, 2018) and the
numerical findings reported in (Zhang, Zhao, et al., 2023) for gradient copper.
The back stress keeps increasing during the whole deformation stage. This
should result from the fact that physically, back stress is due to the spatially
heterogeneous distribution of GNDs. In the initial deformation stage, back
stress is linked to the piling up of GNDs at grain boundaries (GBs). During
subsequent deformation, dislocation structures, such as cells and walls, also
lead to heterogeneous distribution of dislocations, which further enhances back
stress. As seen in Fig. 1(d), in the simulated specimens with larger grain sizes,
back stress hardly contributes to the flow stress, while it becomes more and
more pronounced with decreasing grain size. This conclusion agrees with
experimental results where metals with smaller grain sizes showed a stronger
Bauschinger effect (Zhang, Zhao, et al., 2023).

From Figure 5.1(e), it can be seen that the GND-induced isotropic hardening
increases with the strain. This agrees with the experimental results from (S.
Zhang et al., 2020) and the numerical predictions of (Li & Soh, 2012; Zhang,
Zhao, et al., 2023). It is also observed that GND-induced isotropic hardening is
higher than the GND-induced kinematic hardening under the same applied
strain for all grain sizes considered. Having said that, the plots shown in Figure
5.1(d) and (e) suggest that when the grain size is larger than 39 pm, both GND-
related effects can be neglected. Overall, based on these results, it can be
inferred that the smaller the grain size, the stronger the GND-induced isotropic

hardening and back stress. Besides, both GND-induced isotropic hardening and
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back stress emerge in a significant manner in the initial deformation stage for
smaller grain size specimens and increase gradually afterwards.

To further understand the effect of GNDs on the deformation behaviour of the
simulated polycrystals, Figure 5.2(a) exhibits the evolution of the GND density
across the modelled specimen, as well as the von Mises stress and ¢, for
polycrystals with grain size of 5 pm, 14 pm and 100 pm. The GND density

depicted here was calculated as:

12
povo = ) (19E1+1pED) (516)
a=1

The above is a summation of absolute value of 12 edge dislocations, pg., and 6
screw dislocations, pgs, on 12 slip systems. The reader should note that the
model developed here is currently limited to uniaxial tensile loading as
unloading or reverse loading could cause the change in dislocations. Future
work should incorporate signed dislocations to extend the applicability of the
model to more complex loading conditions.

From Figure 5.2(a), it is observed that the smaller the grain size, the more
distributed the GND density is (Wulfinghoff & Bohlke, 2015). Moreover, the
GNDs tend to accumulate near the GBs and especially at the triple junctions
(Doan et al., 2023). With the increase of grain size, the dislocation density
decreases, and the magnitude of the difference in density between the GB
regions and the grain interiors become smaller and smaller, indicating that the
deformation in specimens with larger grain sizes is more homogeneous as
evidenced by the von Mises stress distribution shown in Figure 5.2(b). The
strain along the tensile direction is displayed in Figure 5.2(c). The deformation
becomes more inhomogeneous with the appearance of dense SBs when the
grain size decrease to 5 pm. The experimental strain distribution along the
tensile loading direction on copper with a grain size of 4.8 pm obtained in (C.
X. Huang et al., 2018) is also displayed in Figure 5.2(d) for comparison. A good

alignment is observed between the simulated results obtained here and those
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of (C. X. Huang et al., 2018) due to the grain size and FCC crystalline structure
similarities.

In summary, based on the results presented in this section for homogeneous-
grained specimens, it can be said that that the simulations are reasonably
consistent with experimentally observed mechanical responses reported in the
literature. Thus, the developed framework was further employed to investigate
micromechanical mechanisms for heterostructured materials as these can be
challenging to study experimentally. In next section, the local stress and strain
distributions as well as the overall mechanical response are investigated in the

case of the HEA heterostructured material from (Fu, Huang, et al., 2022).
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Figure 5.2: (a) Distribution of (a) the total GND density, (b) von Mises stress and

(c) &, in the homogeneous grained HEA with grain size of 5 pm, 14 pm and 100

pm at a strain of 20%, (d) example of experimental ¢,, distribution on copper

with a grain size of 4.8 pm obtained in (C. X. Huang et al., 2018) using Digital

Image Correlation. ¢, represents the strain components in the loading direction.

These figures highlight a marked increase in GND density, von Mises stress and

&, with a reduction in grain size.
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5.4 Uniaxial tensile response of a bi-layered HEA

specimen

After the successful validation of the developed framework, in this section, the
tensile deformation of a bi-layered HEA is simulated to investigate its
strengthening mechanisms during deformation. Firstly, grain sizes of 14 pm, 39
pm and 60 pm were adopted to adhere to the grain size after LSP,
recrystallization annealing (RA) and casting treatment, respectively, based on
the work of Fu et al. (Fu, Huang, et al., 2022). Then, the strengthening
mechanisms including SB formation and GND hardening of bi-layered HEA

were investigated via the developed model.

5.4.1 Finite element model

The geometric model was divided into two regions, namely 1 and 2, as shown
in Figure 5.3(a), with each one characterised by a specific grain size according
to the experimental data from Fu et al. (Fu, Huang, et al., 2022). In particular,
region 1 had a grain size of 14 pm, while it was 46 pm for region 2. The interface
between both regions was assumed to be perfectly bonded. Plane strain element
was adopted which could accurately capture the mechanical behaviour of the
material while reducing computational cost. Following the LSP operations
conducted in (Fu, Huang, et al., 2022) by Fu and co-workers, the thickness of
the surface and core layers was 300 pm and 700 pm, respectively. Accordingly,
the thickness of the two regions in the model were set as 90 pm and 210 pm to
keep the same ratio while reducing the computational burden. The overall size
of the model was 300 pm along the x-axis and 600 pm along the y-axis. Uniaxial
tension was applied in the y-direction at a strain rate of 7.14 x 104/s on the
reference point shown in Figure 5.3(a). This reference point was also coupled
with the top surface. The bottom surface was fixed on all degrees of freedom.
Three paths of interest were selected as shown in Figure 5.3(a) for plotting and

investigating a number of state variables. As displayed in this figure, “Path A”
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traverses both regions in the middle of the specimen along its thickness. “Path
B” corresponds to the interface between the two regions and “path C” cuts
across the middle of region 1 in the direction of the y-axis, i.e. the loading

direction.
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Figure 5.3: (a) Finite element model of the bi-layered specimen with different
grain size, d, between both regions and adopted boundary conditions.
Comparison of simulated and experimental engineering stress-strain curves for
(b) as-cast and RA homogeneous HEA specimens; (c) bi-layered and stand-
alone HEA regions 1 and 2. 4-LSP indicates four repetitions of the laser shock

peening operation.
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5.4.2 Uniaxial tensile response
Stress-strain curves
Figure 5.3(b) and (c) display the simulated stress-strain curves associated with
different states of the HEA sample processed by Fu et al. (Fu, Huang, et al,,
2022). More specifically, Figure 5.3(b) displays results for cases where the
specimen had a homogeneous grain size distribution, i.e. not in a bi-layered
state. This corresponds to “as-cast” and the “recrystallization annealed” (RA)
scenarios for which the grain size was 60 pm and 39 pm, respectively. The
experimental tensile data obtained in (Fu, Huang, et al., 2022) for these two
cases are also displayed in Figure 5.3(b) for comparison. Different from the
previous section, where the dislocation density was intentionally set to 0.1/ pm?
for all five models to isolate the effect of the grain size, the dislocation density
in the as-cast and the RA model were set to 15/ pm?and 600/ pm?2based on the
report of (Fu, Huang, et al., 2022), while the remaining parameters remained
unchanged. Overall, the simulation results displayed in Figure 5.3(b) align with
experimental data reasonably well for both cases. Slight deviations between the
experimental and simulation results are observed mainly during the initial
yielding stage. Thus, the reliability of the developed model is judged to be
acceptable based on this comparison. In Figure 5.3(c), the simulated and
experimental engineering stress-strain characteristics of the bi-layered HEA are
also compared. In this case, the experimental data considered from (Fu, Huang,
et al., 2022) are those following LSP. The simulated results for the stand-alone
region 1 and for the standalone region 2 are also plotted for comparison. It can
be seen from this figure that the simulated model with the finer grain size
displays a higher flow stress and a flatter hardening curve, indicating limited
strain hardening ability.
It should be noted that the values of the grain size considered here are fairly
large, i.e. 14 pm and 46 pm for region 1 and 2, respectively. As reported in
(Zhou, L, et al., 2024) and (Zhang et al., 2021), a larger mechanical heterogeneity
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is beneficial for optimising the strength-ductility synergy. For this reason, it is
expected that both GND-induced isotropic hardening and back stress
hardening should have more significant effects on the strain hardening for
samples combining nano-scale grains in the surface layer and micro-scale grain
in their core (Zhang, Zhao, et al., 2023).

Shear bands formation

In contrast with the homogenisation scheme used in (X. Lu et al., 2019; Zhang,
Zhao, et al., 2023) for the CPFEM simulation of gradient structures, one of the
advantages of the full-field model developed here is that it enables the
investigation of deformation morphology at grain level. This means that the
distribution and evolution of local strain bands, also known as SBs (Wang,
Huang, Li, Guo, et al., 2020; Y. F. Wang, C. X. Huang, et al.,, 2019) can be
simulated. Figure 5.4(a) and (b) show the local strain, ¢,, along the thickness
and &y, in the tensile direction, respectively. It can be observed from these two
figures that dense SBs are distributed over the sample during tensile
deformation, and especially in region 1. These SBs tend to be orientated at about
50° with respect to the tensile axis (see Figure 5.4(b)), which agrees with in-situ
DIC analyses in (Fu et al., 2023; M. Huang et al., 2018; Y. F. Wang, C. X. Huang,
et al., 2019; Yuan et al., 2019). Such dispersed SBs undertake large strain but
none of them carries excessively high strain concentration, thus resulting in
locally inhomogeneous, but globally uniform, strain distribution (Fu et al,,
2023). It is also observed from Figure 5.4 that the SBs density decreases
significantly in region 2. This implies that the low strain hardening capability
of the harder layer, ie. region 1, provides favourable conditions for the

formation of SBs, as also evidenced in (Fu et al., 2023).
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Figure 5.4: Distributions of (a) & and (b) &,, in the simulated bi-layered HEA at strains of 2%,
5%, 10%, 15% and 20%.

To further quantify the evolution of SBs under different tensile strains, the size
and distribution of SBs along “Path A” and “Path C” (defined earlier with
Figure 5.3(a)) were statistically analysed as shown in Figures. 5. The larger
peaks observed in these figures correspond to the location of SBs. From Figures.
5(a) and 5(c), which respectively display values for ¢, and ¢, along “Path C”
(i.e., within region 1 and aligned with the tensile direction), it is seen that local
strain intensities i.e., whether within SBs and in the surrounding matrix,
increase with the applied strain. With further increase in applied strain, as
displayed in Figure. 5(c) and Figure 5.9(d), the increased amplitude in strain
variation indicates that dense SB clusters are introduced by the extension and
interaction of incipient SBs, which prevent the premature failure of
heterostructured HEAs. While the width of SBs in the heterostructured HEA
generally remains constant, their intensity increases linearly with the applied
tensile strain as confirmed in Figure 5.5(d). This result also aligns with the
experimental finding from Fu and co-workers (Fu, Huang, et al., 2022).

Figures. 5.5(b) and 5.5(d) show the distribution of SBs along “Path A”, which
crosses both regions through the middle of the specimen. During initial loading
i.e.,, for a strain of 2%, the values for ¢, and ¢, in region 2 remain relatively

constant along this path, while these fluctuate in region 1. This indicates that SB
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nucleation originates in region 1, with the smaller grain size, and then
propagate along the shear direction (see Figure 5.5(d)). With increasing applied
tensile strain, SBs also form in region 2 but with a lower density and magnitude.
The local strain along both directions in region 1 is more heterogeneous than
that in region 2 during loading, indicating a higher density of SBs.
Subsequently, such strain gradient leads to differing plastic deformation
behaviour between region 1 and region 2 during tensile loading. Based on
Figures 5.5 (b) and 5.5(d), it is noted that, while the respective magnitudes of ¢,
and &, across both regions are generally comparable regardless of the applied
strain, it is interesting to see that these strain values in region 2 tend to increase
more steadily and smoothly. This suggests that the plastic deformation capacity
in this softer region is higher than that in the harder region 1, which contains
the smaller grains. In other words, plastic deformation is mainly driven by the
core region 2. This result is aligned with the experimental findings of Fu and
co-workers in (Fu, Huang, et al., 2022) and with the stress-strain results shown
earlier with Figure 5.3(c), where the modelled bi-layered HEA displayed a work

hardening behaviour closer to that of the stand-alone region 2.
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Figure 5.5: Distributions of local strain ¢, (thickness direction) on (a) “Path C”
i.e., within region 1 along the tensile direction, and (b) “Path A” i.e., along the
thickness of the specimen across both regions, for the simulated bi-layered HEA
at different tensile strains. Distributions of local strain ¢, (loading direction) on
(c) “Path C” i.e., within region 1 along the tensile direction, and (d) “Path A”
i.e., along the thickness of the specimen across both regions, for the simulated

bi-layered HEA at different tensile strains.

GND hardening

In this section, the distributions of several pre-set internal state variables,
namely GND density, von Mises stress and back stress, are analysed to
understand grain-scale and sample-scale deformation features of the modelled
bi-layered HEA. For heterostructured materials, in addition to GNDs pile-up
near the grain boundaries, i.e., grain-scale GNDs, non-uniform deformation can

arise due to the strain partitioning between the coarse-grained and the fine-
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grained layers resulting in the formation of sample-level GNDs (Jamalian &
Field, 2020; Li et al., 2017). Figure 5.6(a) provides the simulated GND density at
a strain of 20% along “Path A”. The inset included in the figure also shows the
distribution of GNDs over the entire bi-layered specimen at this strain rate. It is
observed from this simulated data that the GND density is higher in region 1
and that dislocations accumulate preferentially at the grain boundaries. These
findings also coincide with the experimental observation reported in (Hasan et
al., 2019) where GND density decreased from small grains to large grains in a
CoCrFeNiMn gradient grained HEA. The higher dislocations density observed
here in region 1 increases significantly with the applied strain during plastic
deformation as shown in Figure 5.6(c), which agrees with the experimental
findings of (Fu, Huang, et al., 2022). From a qualitative viewpoint, Figure 5.6(c)
also suggests that a very small amount of GNDs formed at the interface between
both regions. To gain further insights into the formation of such sample-level
GNDs, Figure 5.6(b) shows the simulated GND density at a strain of 20% at the
interface between regions 1 and 2 i.e., along “Path B”. For comparison, the
figure also includes the simulated GND density on the equivalent location on
region 1 but when considered as a stand-alone region i.e., along its right edge
when viewed from the top. Although slightly larger fluctuations of the GND
density are observed in the bi-layered HEA compared to the stand-alone
sample, it could be said that overall, the magnitude of GNDs at the interface for
the bi-layered specimen is similar to that of the stand-alone model of region 1.
This means that the formation of sample-level GNDs is not obvious for the bi-
layered specimen modelled here. This is likely due to the fact that the difference
in mechanical properties between both regions considered in this work is not
significant as the difference in grain size between both is relatively small, i.e. a
factor of 3.

Overall, the results given in Figures 5.6(a-c) demonstrate that, for the pair of
grain size values considered in the modelled bi-layered HEA i.e., 14 pm and 46

pm, there is no obvious concentrations of GNDs at the interface between
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regions 1 and 2. This observation is aligned with the results shown earlier with
Figures 5.5(b) and 5.5(d), which plotted the simulated strain at the interface. For
the specific bi-layered HEA material modelled here, numerous grain-scale
GNDs accumulate around GBs, especially in region 1, to accommodate the
strain gradient between adjacent grains. Given that only a small amount of
sample-level GNDs accumulate along the interface, it can be said that HDI
strengthening originates largely from the accumulation of grain-scale GNDs in
the case modelled here, rather than from sample-scale GNDs. This aligns with
the experimental findings in (Zhou, Wang, et al., 2024) where the authors found
that a only a small number of sample-scale GNDs accumulated around the
interface between the coarse- and fine-grained regions of copper-brass
laminates. Instead, the authors found that a large number of grain-scale GNDs
accumulated around GBs to accommodate the strain gradient resulting from
the heterogeneous deformation between neighbouring grains. The average
grain size of the specimens considered by these authors in (Zhou, Wang, et al.,
2024) was ~5.8 pm for the copper layers and ~1.1 pm for the brass layers. Thus,
both grain sizes were on the microscale and there was a factor ~6 between them,
which is somewhat comparable with the configuration of the specimen
modelled here. It should be noted however, that the copper-brass laminates
fabricated in (Zhou, Wang, et al., 2024) exhibited a ~7 pm gradient interface
between the coarse- and fine-grained regions. This interface was composed of a
gradient distribution of Zn and Cu elements. Such gradient interface, referred
to as a “gradient transition layer” in (Zhou, Wang, et al., 2024) is not considered
here. Indeed the interface between the HEA layers was modelled as a sharp
transition in this work based on the experimental report in Fu et al. (Fu, Huang,

et al., 2022).
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Figure 5.6: GND density in the modelled bi-layered HEA at a strain of 20%
along (a) “Path A”, and (b) “Path B”. (c) Distributions of GNDs at strains of 2%,
5%, 10%, 15% and 20%. Simulated (d) von Mises stress along “Path A” for a
strain of 20% and (e) distributions of von Mises stress at strains of 2%, 5%, 10%,

15% and 20% for the entire bi-layered HEA modelled.

Figure 5.6(d), which presents the distribution of the von Mises stress along
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“Path A” at a strain of 20%, shows that the von Mises stress in region 1 is the
highest. That is to say, region 1 carries more stress and region 2 experiences
more plastic deformation. This agrees with the FEM simulations presented by
Wang and co-workers in the case of polycrystalline metals with gradient grain
sizes (Y. Wang et al., 2017). Furthermore, the stress along region 2 appears more
homogeneous than that in region 1, where GNDs play a significant hardening
role and no significant difference in stress values is noted between the grain
interiors and the GBs in region 2.

Figure 5.7 shows the distribution of back stress on the 12 slip systems at a strain
of 20%. Similar to the simulation data reported above for the von Mises stress
and the GND density, qualitatively it is observed that the back stress increases
with decreasing grain size. This is aligned with the stress-strain curves shown
in Figure 5.3(c) and with experimental measurements reported by (Gao et al.,
2022; Mahato et al., 2016), as well as with numerical predictions from (Zhang,
Zhao, et al., 2023). This result also indicates that back stress originating from the
smaller grains should be a non-negligible factor when considering back stress

hardening in heterostructured materials.
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Figure 5.7: Simulated distributions of back stress on the 12 slip systems in the
modelled bi-layered HEA at a strain of 20%.

Damage initiation

As presented earlier, the JC damage initiation criterion was also incorporated
into the CPFEM framework. From Figure 5.8(a), which presents the simulated
damage criterion values for the whole bi-layered HEA specimen for an applied
strain of 20%, it can be seen that region 1 is relatively more prone to damage.
This was reported at triple junctions formed by grains in (Charpagne et al., 2021;
Zhang et al., 2010). SBs tend to form in alloys with fine grains due to their work
hardening capability, and eventually become crack initiation sites due to stress
concentration (Marano et al., 2019; K. Wang et al., 2022). Moreover, adjacent SBs
can eventually connect with each other with the increase of tensile strain, as

seen in Figure 5.8(c) when the strain eventually reaches 20%.
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It was reported that SBs are likely to transmit into neighbouring grains with low
GB misorientations (Ahmadikia et al., 2021). MD simulations on a smaller grain
size HEA also revealed that the rotation of grains can be triggered by grain
boundary sliding and grain boundary migration as dominant mechanisms
(Doan et al., 2023). High intra- and inter-granular crystal rotation are plasticity
mechanisms common to samples, which exhibit high mechanical performance
(Griesbach et al., 2024). Thus, the effect of grain orientation and rotation on the
formation and propagation of SBs were also investigated in this work. In
particular, the evolution of a typical SB spanning across 5 grains is analysed.
This group of 5 grains is displayed in Figure 5.8(b) including the respective
Euler angles. Specifically, grains ID 85, 290, 36 and 209 exhibit similar
orientations while the grain ID 158 has higher misorientation angles.

Figures 5.8(c) and 5.8(d) present the SB and the JC damage factor evolution
within this 5-grain region for strain values ranging from 0.2% until 20%. As seen
in Figure 5.8(c), the SB initiates at a triple junction for grains with significant
different orientations. With the increase in strain, the SB then propagates within
grains that share similar crystal orientations, i.e. grains ID 85, 290, 36 and 209.
This simulation result agrees with experimental studies reported in (Giiler et
al., 2018) where microcracks occurred in both GBs and intra-grains under tensile
conditions for a FCC metal with a homogenous composition of micro- and
nano-scale grains. From Figure 5.8 (d), it can be seen that there is a good
alignment between the values of the JC damage criterion and the SB evolution.
This suggests that the JC damage criterion could be employed as a suitable
indicator to locate potential crack nucleation sites. For an applied strain of 20%,
Figures 5.8 (e-g) shows that an appreciable amount of grain rotation took place
for those grains traversed by the SB, in alignment with the experimental
findings in (K. Wang et al., 2022). In contrast, grain rotation is less severe for the
grain ID 158, which had a higher initial misorientation compared to the other
four grains. This observation is also in line with the experimental findings of

(Ahmadikia et al., 2021) where the authors reported that the orientation of
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neighbouring grains affected the development of slip bands and their potential
transmission. This is because the constraints placed on grains can be altered
both by the grain size and the orientation-compatibility with neighbouring
grains. Electron diffraction and imaging of the deformation sub-structures near
SB interfaces reported in (Deve et al., 1988) also showed that an important part
of the localization mechanism is non-uniform lattice re-orientations that cause
a “geometrical softening” of the lattice. Thus, both the grain orientation
distribution and the gradient distribution are deemed to be important structural
features influencing the mechanical response (Griesbach et al., 2024). Moreover,
the accumulated slip in this 5-grain region is also displayed in Figure 5.8(h) for
an applied strain of 20%. It is evident that the accumulated slip in the grain
traversed by the SB is higher than that in the grain not affected by the SB.

Grain reorientation plays a critical role in determining the anisotropic
mechanical properties of materials, especially under high strains. As grains
rotate and align along preferential directions, the material’s texture evolves,
influencing its strength, ductility, and failure mechanisms. Incorporating grain
reorientation into the analysis would allow for a more comprehensive
understanding of how crystallographic texture development impacts strain
localization, hardening behaviour, and damage accumulation. Such an
approach would provide valuable insights into the microstructural evolution
and its correlation with macroscopic mechanical response, particularly under

extreme loading conditions.
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Figure 5.8: (a) Distribution of JC damage factor values for an applied strain of
20%; (b) a locally enlarged region composed of 5 grains with one of them
displaying strong misalignment relative to the other four; evolution of (c) SBs
and (d) damage within this region for strain values between 0.2 % and 20%; (e,
f, g) crystal orientation within this region along the x, y and z direction,

respectively, for an applied strain of 20%, and (h) accumulated slip, again for

20% strain.

5.5 Conclusions

This Chapter presented a novel non-local crystal plasticity model, which

explicitly includes GNDs, back stress hardening and damage criterion.

101




Importantly, the model does not employ a homogenisation scheme, which
means that it can be employed to investigate dislocation-mediated plasticity at
grain-level for heterostructured materials. The model was implemented for a
bi-layered HEA and its outcomes were validated against experimental data
available from the literature. The model was able to confirm that the
heterostructured HEA elicited heterogeneous deformation and consequent HDI
strengthening during tension. Comparatively, low strain and high stress were
observed in the region with smaller grains, while the coarser-grained region
experienced lower stresses but more extensive plastic deformation. The more
specific finding associated with this work are as follows:

The novel CPFEM framework developed here was able to reproduce and
confirm a number of known experimental findings, namely that a) SBs and
damage propagate among grains sharing similar orientation and b) significant
rotation and slip take place in grains subjected to severe damage. Based on this,
it is suggested that the properties of heterostructured materials could be further
enhanced not only by controlling the grain size and dislocation density
gradients, but also by controlling the initial grouping of grains and their
respective orientations as well. Explicit modelling of orientation information of
polycrystalline grains should be considered in future research. Indeed, a
systematic study on the effect of grain orientation should pave the way towards
a quantitative understanding of heterogeneous microstructures on the

mechanical behaviour of a broader class of heterostructured materials.

Besides, for the bi-layered HEA modelled here, GNDs accumulated at grain
boundaries, rather than at the hetero-interface. The absence of a significant
jump in GND density across the interface is attributed to the relatively small
difference in deformation between the fine-grained and coarse-grained regions.
The deformation gradient is not substantial enough to cause a sharp
discontinuity in GND density at the interface. Future work should investigate

whether a threshold exists with respect to the size ratio between fine and coarse
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grain regions for which GNDs accumulation at interfaces becomes more

prominent than grain-scale GNDs.

. It is suggested that the JC damage criterion could also be employed to
characterise SBs evolution, which in turn could lead to the identification of

potential crack nucleation sites.

It is worth noting that while this study focussed on a single phase bi-layered
heterostructured HEA, the CPFEM framework developed here could also be
applied to FCC/BCC alloys with different phases. It is also worth mentioning
that the presented simulations were based on a 2D model with a focus on
dislocation activities, and that this offers a computationally efficient approach
compared to 3D cases with multiple mechanisms. Strong interfacial bonding is
essential to prevent delamination, achieved through clean surfaces and
techniques like diffusion bonding. Coarse-grained regions should use ductile
materials, while fine-grained regions should employ high-strength alloys.
These guidelines, supported by simulations, ensure optimal fabrication

outcomes for achieving balanced mechanical properties.
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Chapter 6 Numerical study on the
strengthening and fracture
characteristics of heterogeneous-
structured TWIP/Maraging steel
laminates using a non-local crystal
plasticity and continuum damage
mechanic model

6.1 Introduction

This Chapter investigated the strengthening mechanisms and fracture modes
in HSLs through a full-field non-local CPFEM framework and incorporated
progressive continuum damage mechanics (CDM) model for the crack initiation
and propagation. The constitutive model was validated in homogenous TWIP
steel and Maraging steel respectively before applied to the TWIP/Maraging
steel laminates. It was observed that the non-local CPFEM-CDM model based
on maximum slip accurately captured the typical brittle and ductile damage of
stand-alone Maraging steel and TWIP steel. It was further found that the hard
Maraging layer reside in the HSLs exhibited a fracture process of void
nucleation, coalescence and propagation, displayed a brittle to ductile fracture
transition which was in stark contrast to stand-alone Maraging layer where a
typical brittle fracture was observed. These findings were in good agreement
with recent experimental observations in terms of stress-strain responses, SBs
evolution and fracture mode. The enhanced ductility of HSLs originated from

the heterogeneous deformation-induced (HDI) stable SBs evolution during
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tension. These findings may provide a potential strategy for the design and

development of HSLs with excellent strength-ductility balance.
6.2 Constitutive relations and modelling framework

This section introduces a novel non-local CPFEM-CDM model, which
integrates the effects of slip and dislocations on deformation behaviour using

CPFEM, while CDM is also incorporated in the framework to consider fracture.

6.2.1 Overview

As mentioned earlier, the proposed framework was implemented in the context
of studying the deformation and fracture characteristics of TWIP/Maraging
steel laminates. Such type of HSL materials presents unique mechanisms and
greatly depends on the mesoscale heterogeneous deformation (Yu et al., 2024).
To accurately simulate the strengthening mechanisms and fracture of both steel
phases, the developed non-local CPFEM-CDM model considered the
inhomogeneous dual-phase microstructure, as well as the deformation
behaviour and fracture mechanism of both constituent phases. Figure 6.1 details
the proposed modelling framework. The numerical model was established
based on actual grain morphologies obtained with scanning electron
microscopy and EBSD by Yu et al. (Yu et al., 2018). To develop a realistic
microstructure-based numerical framework for the investigation of fracture in
HSLs, it is critical to accurately describe the deformation and damage behaviour
of each constituent phase. Thus, the model was used initially to describe the
elastic-plastic deformation behaviour and fracture of TWIP and Maraging steels
separately. This enabled the calibration of the model parameters using the
experimental stress-strain response and fracture characteristics of the
individual homogeneous grained specimens from (Yu et al, 2018). The
framework could subsequently be employed to simulate the deformation of
TWIP/Maraging steel laminates. As a result, insights into the response of such
HSL material subjected to tensile loading, including the intra-grain and inter-

grain scale deformation, strengthening mechanisms and fracture characteristics,
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could be gained. The detailed development and validation of the numerical

framework are described next in sections 6.2 to 6.4.

[ Geometric modelling | { Constitutive relations ﬂllibration and validation\ { Investigation of HSLs

and damage criterion of homogeneous grained layer
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Figure 6.1: Overall framework of the developed non-local CPFEM-CDM model

for the investigation of the fracture characteristics in TWIP/Maraging steel

laminates.

6.2.2 CPFEM-CDM modelling of steel phases

CPFEM slip law
The shear strain rate y¢ generated by the dislocation motion of slip system a is

expressed as (Ashby, 1970):
al.n

i =10 () sgne®) (61)

c

where y, is the reference shear rate, n is the power law exponent, t¢ is the shear
stress acting on the slip system and 7¢ is the critical resolved shear stress
(CRSS), which describes the resistance to gliding dislocations. The CRSS can be
further formulated as (McCabe et al., 2010):

¢ = (18)° + At¢ + 14, (6.2)
where (74)° is the initial CRSS and Tfor is the forest dislocation interaction
stress.
CPFEM hardening law

The slip system hardening has the following evolution:

Atg = Z Hp (6.3)
b

where b is the total number of slip systems and Hj is the slip hardening moduli.
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For latent hardening;:

H{ = qAh?(a # b) (6.4)
where q is the latent hardening exponent. The self-hardening moduli AR?,
which represents the hardening on a single slip system, evolves according to a
power law formulation (Peirce et al., 1982):

2\™
AR? = h, (1 - S—C> lyP|At (6.5)

N

where h is the hardening rate, s; is the saturation slip strength and mis the
hardening exponent.

GND calculation

The GND density is calculated from Nye’s dislocation density tensor A . The
detailed calculation process of GND density and forest dislocation could be

found in equation (5.8-5.10). The hardening caused by forest dislocations, 7f,,,

8, = {Gb® /p}‘or (6.6)

where ( is the dislocation interaction parameter, G is the shear modulus and

can be expressed as:

b® is the magnitude of the Burgers vector.

CDM fracture modelling

Crack growth behaviour has seldom been studied in heterostructured materials
(X. Li et al., 2019). At the same time, the microscale physical description of
plastic strain is considered to be a suitable approach to explain the macroscopic
mechanical response of materials (Jia et al., 2012). For example, the maximum
shear strain damage model employed in a continuum damage framework was
reported by Kim and Yoon to outperform stress-based counterparts in
capturing the necking behaviour of aluminium alloy (Kim & Yoon, 2015).
Besides, a more recent study reported that the maximum shear strain based
criterion accurately captured the fatigue damage evolution in polycrystalline Al
alloy (Zhongwen Zhang et al., 2024). Thus, to describe the sudden drop of load
carrying capacity and the fracture of TWIP/Maraging steel laminates, a CDM
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model based on maximum shear strain was adopted in the presented work. This
model defines the damage as initiated and accumulated when maximum shear

strain is greater than a given critical value. This model is expressed as follows:

(0 (Ym < Yini)
Ym — Vini \"
D= < Dmax <%) ()/ini <¥m < Ymax) (67)
Ymax Yini
\Dmax (Ymax < Ym)

where y,, is the maximum shear strain, i.e., the maximum shear strain among
all slip systems, D is the damage factor and Dy,,y is its maximum value. y;y; is
the maximum shear strain over which damage initiates and ¥y, is the
maximum shear strain at which the damage value reaches the maximum value
Dax- When the maximum shear strain y,,, exceeds y;,;, the damage begins to
evolve in the slip system. When y,,, exceeds yp,.x, the damage stops evolving
and maintains its maximum value. The exponent M, known as the damage
curve shape coefficient is set to 3.0 to improve convergence (Kim & Yoon, 2015)
. The damage parameters for both steel phases were determined based on the
stress-strain relation and fracture characteristics obtained from tensile tests. The
damage value was calculated for each integration point and applied to slip
system-wise by solving the nonlinear equation (6.11). In this way, damage could
be accumulated in an explicit manner in the CPFEM framework. To consider
this progressive decrease of load carrying capacity in the developed model as
damage accumulates, the resolved shear stress, i.e., ¢ in equation (6.1) was
downscaled with the calculated damage as:

<

t¢(1-D)

,a

Yp =VYo sgn(t®) (6.8)

It should be noted that the assessment of y;,; can be approached by considering the
weakest slip system and its orientation relative to the loading direction, as these factors
critically influence the initial shear strain. A detailed crystallographic analysis should

be performed to identify the slip systems with the lowest CRSS and their alignment
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with the applied stress. This approach ensures a more accurate evaluation of yj,; and
its dependence on crystallographic orientation.

However, due to current experimental limitations, we have not yet been able to
conduct the necessary investigations to validate this approach. Future work should
prioritize experimental studies to directly measure yj,; under controlled loading
conditions, particularly focusing on materials with varying slip system strengths and
orientations. Such experiments would provide critical insights into the role of

crystallographic anisotropy and further refine the theoretical framework.

6.2.3 Model implementation for uniaxial tensile tests on
TWIP/Maraging steel laminates

The numerical implementation of the proposed modelling framework was
realised on the software platform ABAQUS/Standard via user-defined
subroutines (UMAT) (Dunne et al., 2007; Hardie et al., 2023; Liang & Dunne,
2009). The deletion of an element was determined by assessing whether its
damage variable, i.e. D in equation (6.11), had reached the corresponding
critical value. To reveal the strengthening mechanisms and fracture
characteristics of the modelled TWIP/Maraging steel laminates, detailed finite
element simulations were conducted. More specifically, the finite element
model employed in this work contained 6 layers, with each layer having a
thickness of 70 pm and assigned either as TWIP or Maraging steel to form a
complete HSL specimen as illustrated in Figure 6.2. The average grain size was
set to 20 pm for the TWIP layer and 10 pm for the Maraging layer based on the
experimental findings reported by Yu and coworkers (Yu et al., 2018; Yu et al.,
2019; Yu et al., 2024). The microstructure information was generated with the
open-source software Neper. A custom MATLAB script was compiled to
convert the voxel files generated with Neper into input files required for the
commercial software ABAQUS to conduct the CPFEM simulations. It was
reported by Zhang et al. that a resolution of 32 elements for each grain should

be sufficiently high for the simulation of polycrystals (Zhang, Zhao, et al., 2023).
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For crystal plasticity damage models featuring grain size about 200 pm, 100 pm,
and 50 pm in the x, y, and z directions, respectively, an element size of 50 pm
was selected by (Kim & Yoon, 2015). The mesh convergence study shown in
Appendix A demonstrates that a mesh resolution of around 200 elements for
each grain was adequate for the TWIP/Maraging steel laminate studied here.
A strain-controlled load at a rate of 1x10-3 s'1 was applied on the top side along

the y-axis direction. The detailed boundary conditions are shown in Figure 6.2.

Coupling Reference point

: Path A

1—» X YSYMM

Figure 6.2: Finite element model of the TWIP/Maraging steel laminate and

adopted boundary conditions.

6.2.4 Determination of model parameters and validation

with standalone steel specimens

Two categories of parameters are required in the developed modelling
framework, namely 1) constitutive model i.e., CPFEM, parameters, and 2) CDM
parameters. The CPFEM parameters for both TWIP and Maraging layers were
determined based on literature data (Hosford, 1993; Woo et al., 2012). These are
listed in Table 6.1. However, the CDM parameters required calibration by
matching the simulated stress-strain responses and fracture characteristics of
individual homogenous TWIP and Maraging steel models to experimental data

from (Yu et al., 2018). Following this calibration exercise, the CDM parameters
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could be obtained, as listed in Table 6.2.

Table 6.1: Parameters of the CPFEM model for TWIP and Maraging steel

Paramete | Notatio |Value for| Value for Parameter Notatio | Value for|Value for
r n TWIP | Maraging n TWIP |Maraging
Elastic Hardenin
propertie| C11 | 169 GPa | 231.4 GPa rate & hg 220 MPa | 950 MPa
s
Saturation
C12 82 GPa | 134.7 GPa slip Ss 550 MPa {1000 MPa
strength
Hardening
C44 96 GPa | 116.4 GPa m 1 4
exponent
Power Latent
law n 20 10 hardening q 1 1
exponent exponent
Reference Geometric
; 3 gl 3 gl
Slip rate Yo 103 s 103 s factor ¢ 0.25 0.25
Initial a0 Burgers a
CRSS (t3)° | 220 MPa | 1100 MPa vector b 0.256 nm | 0.248 nm

Table 6.2: Parameters of the CDM model for TWIP and Maraging steel.

Damage parameter | Notation | Value for TWIP Value .for
Maraging
Shear strain when
damage initiates Vini 0.57 0.05
Shear strain when
the damage reaches Vimax 0.62 0.09
the maximum value
Maximum damage
factor Dnax 0.8 0.2
Damage exponent M 3 1

Using the calibrated CDM parameters, Figure 6.3 shows the simulated stress-

strain curves and deformation characteristic of individual homogenous grained

TWIP and Maraging steel specimens against corresponding experimental data
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from (Yu et al, 2018). These simulated results for individual layers are
presented and discussed first to assess the suitability of the developed non-local
CPFEM-CDM model prior to using it to study the strain hardening and fracture
behaviour of TWIP/Maraging steel HSL. Although the outcome reported here
for individual layers employ the calibrated CDM parameters, it is still of value
to observe whether the model can output expected deformation behaviour for
each steel material when considered as a standalone specimen. In this context,
Figure 6.3, which also includes simulated specimen geometries post-fracture,
shows that the model was able to output both the brittle fracture of Maraging
steel and the ductile damage of TWIP steel based on the adopted fracture
criterion of maximum shear strain. In particular, the simulations captured the
expected three stages of deformation, namely 1) initial elastic deformation
followed by 2) yielding and eventually the transition from yielding to 3)
damage-induced softening. A comparison was also made when employing the
CPFEM framework but without considering CDM as also reported in Figure 6.3
In this case, it is interesting to note that the sudden drop of load carrying
capacity for both materials with increased plastic strain could not be predicted

appropriately.

(a) 2500

T T T T T
O maraging steel experiment (Yu et al., 2018)
— — -maraging steel without damage
maraging steel with damage
Il TWIP steel experiment (Vu et al., 2018) N
— — - TWIP steel without damage
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Figure 6.3: Comparison of the obtained numerical stress-strain responses again
corresponding experimental data from (Yu et al., 2024) for individual

homogenous grained TWIP and Maraging steels.
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Figure 6.4 provides additional data for the simulated standalone specimens,
particularly with respect to their deformed geometry and experienced von
Mises stress as a function of the strain until fracture. For the softer TWIP steel
specimen, significant plastic deformation i.e., multiple necking, could be
simulated before fracture as seen in Figure 6.4(a). This phenomenon correlates
well with the experimental findings in (Yu et al., 2024). As should be expected,
the simulated TWIP steel displayed good ductility and underwent significant
necking before the point of failure, which occurred at a large strain of 65.7%. In
contrast, typical brittle fracture was observed in the simulated deformation of
Maraging steel as reported with Figure 6.4(b). In this case, little to no plastic
deformation was observed before fracture, which occurred at a much lower
strain of 11.4%. Based on the data plotted earlier in Figure 6.3, it was determined
that yield took place at a strain of 11.2% for the Maraging steel. Thus,
catastrophic fracture occurred rapidly for this simulated specimen i.e., only
with 0.2% additional strain post-yield. Its fractured surface was also correctly
simulated to be perpendicular to the applied stress direction. Overall, the data
shown in Figure 6.4 can also be used to note that stress concentration is
simulated to occur at multiple locations near GBs for both standalone steel

models. This is caused by orientation mismatch between neighbouring grains.
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Figure 6.4: Simulated deformation and von Mises stress for (a) TWIP steel and

(b) Maraging steel as a function of the strain until fracture.

Finally, Figure 6.5 displays the evolution of the simulated SBs for both
standalone TWIP and Maraging steel models. As displayed in Figure 6.5(a), at
64% strain a significant macroscopic SB had formed in the TWIP steel at an
angle of about 50° with respect to the thickness of the specimen. This figure also
shows that when the strain increased to 65%, this SB intersected with a void in
the necking region. This void nucleated within the SB and subsequently
elongated along the shear axis. Within a short increase of the strain value i.e., at
65.7%, the specimen fractured revealing a surface formed of jagged cavities. In
contrast, the magnitude of the simulated SBs was not significant for the
Maraging steel, as displayed in Figure 6.5(b), due its limited strain hardening
ability. For the more ductile TWIP steel material, the SB that displayed the
largest magnitude coincided with the location of the crack initiation site (see
Figure 6.5(a)). This aligns with the experimental findings reported by (Noell et
al., 2018) for Cu samples. However, for the more brittle Maraging steel, it is
interesting to note that the crack did not initiate at the site where the SB
magnitude was the maximum. This implies that solely analysing SB
quantitatively could not be used as the only indicator of crack initiation in this

case.

In summary, the results provided in this section indicate that the developed
non-local CPFEM-CDM model can suitably predict the deformation and
fracture behaviour of the individual homogenous TWIP and Maraging steel
specimens. Thus, the model can be further used to explore the strengthening
mechanisms and the fracture behaviour these materials when arranged as in

TWIP/Maraging steel HSL configuration. This is the focus of the next section.
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Figure 6.5: Simulated fracture process and evolution of SB for (a) TWIP steel

and (b) Maraging steel.

6.3 Results and discussion for the simulated HSL

specimen
In this section, the uniaxial tensile response of the TWIP/Maraging steel
laminate is simulated until fracture to investigate mechanisms at play during
the deformation of this type of HSL. The stress-strain response as well as the
stress distribution and the evolution of the GND density are analysed first.

Next, the behaviour of SBs is investigated to study their influence on the

fracture of the modelled HSL.

6.3.1 Stress-strain response
Figure 6.6, which displays the simulated stress-strain curve, shows that the
modelled HSL material exhibits a yield strength of 1246 MPa, an ultimate tensile

strength of 1276 MPa and a uniform elongation of 9.4%. Based on the data
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reported earlier with Figure 6.3, it was found that the standalone Maraging
layer had a simulated yield strength of 2029 MPa, an ultimate tensile strength
of 2097 MPa and a uniform elongation of 2.2%. The better ductility of the
Maraging steel phase within a HSL configuration is a result of the addition of
the softer TWIP layers and the strengthening effect induced by heterogeneous
deformation. Compared to the standalone TWIP steel, both the yield strength
and the ultimate tensile strength are increased when incorporated in the HSL.
As seen in Figure 6.7, the simulated stress-strain curve correlates well with
experimental data during the elastic deformation stage as well as for the two
discrete points which are characteristic of the onset of plastic deformation and
of fracture strain, respectively. However, a discrepancy is noted whereas the
experimental HSL sample exhibits strain hardening, while the simulated
specimen shows a post-yield behaviour almost perfectly plastic. Although the
model is capable of simulating strain hardening, as evidenced earlier in Figure
6.3 for the standalone TWIP steel material, this post-yield observation for the
modelled HSL specimen suggests that mechanisms behind further
strengthening phenomenon were not captured in the current framework. It is
hypothesised that such additional factors may be associated with the fabrication
process employed in (Yu et al., 2024) for producing the experimental laminate.
More specifically, the hot-rolling necessary for manufacturing the HSL in (Yu
et al,, 2024) may have introduced grain refinement and phase transitions.
Besides, the interface in the numerical framework developed here was simply
modelled as perfectly bonded. However, it may be reasonable to assume that
the presence of abundant interfaces could induce stress concentration and
impede dislocation movement, thus increasing the material strength of the
experimental HSL specimens (Gao et al., 2024). In addition, Gao and co-workers
noted that existing defects in homogeneous layers might also be reduced during
the bonding process when fabricating HSLs, thus resulting in improved
material properties (Gao et al., 2024). In spite of this discrepancy in the post-

yield stage between the experimental results and the data simulated here, it can
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be said that the developed non-local CPFEM-CDM model predicted the
evolution of the stress-strain relation for the TWIP/Maraging HSL specimen

reasonably well, including the strain at fracture.

(b} T T T T T T

1600 - -

1400 - =

1200 -

< 1000 |

4]

=3

=
T

Stress (MPa)

=
=3
=
T
1

—a— Exp (Yu et al,, 2018)
—&— Sim

o

=3

=
T

2
=]
=
T
1

Strain (%)
Figure 6.6: Simulated stress-strain curve compared against the experimental
data from (Yu et al., 2024) for the multilayer TWIP/Maraging steel HS. The inset

figure shows the CDM damage factors of laminates at fracture.

6.3.2 Stress partition and GND distribution

Figures 6.7(a) and 7(b) report the simulated distribution of the von Mises stress
for both the entire HSL specimen and along “Path A”, respectively, for a strain
of 9.4%. This corresponds to the strain value immediately before fracture. Stress
partitioning behaviour has been experimentally observed in previous studies of
HSLs and is caused by the non-synchronous deformation between different
layers . The model output displayed in Figures 6.7(a) and 7(b) show that stress
partitioning was successfully simulated as the stress in the Maraging steel
layers is significantly higher than that in the TWIP steel layers. In addition, the
inset generated from Figure 6.7(a) illustrates that stress-transfer from the
Maraging layer to an adjacent TWIP layer can take place at the interface, which
relieves strain localisation. In Figure 6.7(a), stress concentration is observed at
numerous locations due to orientation mismatch near grain boundaries. Such
stress concentration and stress transfer in HSLs are believed to facilitate the

activation of non-basal slip face and consequently results in an enhancement of
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strength (H. Zhang et al., 2024). Figures 6.7(c) and 7(d) display the simulated
GND density distribution for the entire HSL specimen as well as along “Path
A”, respectively, and again for the strain value immediately before fracture i.e.,
9.4%. Similar to the distribution of the von Mises stress, the GND density is
higher in the Maraging steel layers compared to that in the TWIP steel layers.
This result, and the further observation that dislocations accumulate
preferentially at the GBs, aligns with the experimental report in (Zhang, Zhao,
et al., 2023). Based on the outcome shown in Figure 6.7(d), it is also suggested
that the GND density contribution to strengthening is higher in Maraging steel
layers. It is also expected that the incompatible deformation between the
different microstructure configurations across the interfaces should lead to the
generation and accumulation of GNDs. This also leads in extra work hardening
and HDI strengthening (Han et al.,, 2023). However, this behaviour is not
detected in the data shown in Figure 6.7(c). This could be due to the fact that
the difference in mechanical properties between the TWIP and Maraging steels

is not substantial enough.
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118



density data are provided just before fracture, i.e. for a strain of 9.4 %.

6.3.3 Shear band and fracture formation

Figures 6.8(a) to (e) collectively show the predicted evolution of shear bands at
various values of strain over the complete HSL model, while Figure 6.8(f)
presents the tensile strain profile at fracture along “Path A”. From Figures 6.8(a)
to (e), it can be observed that numerous, dispersed and gradually-evolving SBs
were simulated over the TWIP/Maraging steel laminate, which correlates well
with the experimental findings of (Zheng et al.,, 2022). It is seen that the
amplitude of these dispersed SBs increases continuously with the increase in
plastic strain. It is expected that this should result in delayed macroscopic strain
localisation and enhanced strain hardening capability and ductility during
deformation, as was also reported in (Lai et al., 2023).

As explained in (Yu et al., 2024), SBs form due to insufficient work hardening
in the material, which cannot counteract geometric softening, resulting in the
onset of such unstable mechanical disturbances. It is known that the process of
shear banding in HSLs involves the nucleation of new bands, propagation along
the shear plane, increase in width and increase in strain within the band. In this
work, the SBs initiates at low strain in both Maraging and TWIP layer
simultaneously as displayed in Figure 6.8(f). Their density remains nearly
constant while the amplitude keeps increasing with applied tensile strain as
confirmed in Figure 6.8(f). This result also aligns with the experimental finding
from Fu and co-workers (Fu, Huang, et al., 2022). Besides, it was reported that
SB orientations are determined by the macroscopic stress state (Jia et al., 2003).
The orientation of the predicted SBs in the presented work are mostly around
45°-50° as displayed in Figure 6.8(a), which was also reported in (Nie et al., 2023;
Peng et al., 2023; Sedighiani et al., 2022; Wagner et al., 1995). In addition, the
simulated outcomes shown from Figure 6.8(a) to 9(e) indicate that the

evolutionary behaviour of SBs in the modelled TWIP/Maraging steel laminates
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shows X and W types. This is also aligned with the experimental observations
as summarised in (Ma et al., 2023).

The higher density of GBs in the hard maraging layer noted earlier should
significantly impedes dislocation slip, leading to stress concentration at these
boundaries. Consequently, these boundaries should serve as initiation sites for
dispersed SBs. As the tensile strain surpasses the uniform elongation, strain
localisation becomes increasingly pronounced. This promotes the growth of SBs
in the hard maraging layer, causing them to deepen and widen, eventually
evolving into micro-ditches, as illustrated in Figure 6.9(a). Fine cracks were
found along the SB (see Figure 6.8(d)), which can lead ultimately to a local
decrease in the tensile strength and finally to fracture (Baik et al., 2021).
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Figure 6.8: Evolutions of gy i.e., shear bands, in the simulated TWIP /Maraging
steel laminates at strains of (a) 1%, (b) 3%, (c) 5%, (d) 7%, (e) 9.6% and (f) &,

profile for a strain of 9.6% along “Path A”.

Figures 6.9(a) and 6.9(b) report the value of the CDM damage factor at fracture
for the complete HSL model and along “Path A”, respectively. Figures 6.9(c) to
6.9(f) show the evolution of this damage factor for strain values from 7% and

until fracture, i.e. 9.6%.
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Figure 6.9: Distribution of CDM damage factor values at fracture for (a) the
entire HSL specimen and (b) (b) along Path A; locally enlarged regions
displaying the evolution of cracks in the simulated TWIP/Maraging steel
laminates for strain values between of (c)7 %, (d) 7.8%, (e) 9.4% and (£)9.6%.

When the maximum slip becomes greater than a critical value y;,;, damage
initiates and accumulates as illustrated in equation (6.11). In this simulation,
when the strain reaches 7%, localised damage nucleates in the hard Maraging
layer first (see Figure 6.9(c)). This finding aligns well with the experimental
study of (Xia et al., 2024) in which microcracks initiated in fine-grained layers
of multilayered aluminium laminates. As tensile strain increases, the damaged
area expands and new voids initiate, see Figure 6.9(d) and 6.9(e). These voids
eventually coalesce leading to the fracture of this layer, see Figure 6.9(f). In
contrast, as displayed in Figure 6.9(a) and (b), it is obvious that there is no
damaged element in the TWIP layers of the laminates even after catastrophic
fracture, exhibiting great ductility. Overall, it is notable that the void nucleation,
growth, and coalescence phenomena of TWIP/Maraging laminates were well
described by the proposed non-local CPFEM-CDM model.

In (Charpagne et al., 2021), it was revealed via high resolution digital image
correlation (HR-DIC) data with 3D electron back-scatter diffraction
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tomography (3D EBSD) that slip bands tend to emanate from triple junction of
grains in monotonic tension of FCC polycrystals and would become critical
crack nucleation sites during loading. In the presented work, it was validated
that short microcracks were observed to nucleate at the hard Maraging layer
tirst (Figure 6.9(c)), which is mainly attributed to the accumulation of GNDs
(see Figure 6.7(c)), and the resultant stress concentration as also evidenced in
the experimental report of (Han et al, 2023). Besides, strain localisation
produces multiple uniformly distributed microcracks in the hard Maraging
layer, see Figure 6.9 (a), which promote the bifurcation of the main crack and
increase the surface energy during the main crack propagation, which further
hinder its evolution. When the crack propagates towards the soft TWIP layer,
its good ductility can relieve the local higher stress, reduce the rate of crack
growth and blunt the crack tip. When the crack reaches the heterogeneous
interface (Figure 6.9 (f)), it is interesting to observe that it changes orientation,
i.e., along the interface, see Figure 6.9(f1). This increases the crack propagation
path, i.e. hinders catastrophic fracture. It was also reported that the interface
has a considerable strengthening toughening effect on the heterogeneous
matrix composites, which can slow down the crack propagation (Peng et al.,
2024). It is argued that the uneven stress partition between hard and soft layers
in the TWIP/Maraging steel laminates resulted in the deflection of the main
crack at the interfaces during tensile deformation. This delamination at the
interfaces reduces triaxial stress conditions that promote crack growth and
helps to passivate the crack tip, leading to a significant increase in material
toughness (Kum et al., 1983).

Significant stress-drop due to damage softening at a strain of 2.2% was observed
for the stand-alone Maraging layer (Figure 6.3). However, stress starts to drop
at a strain of 9.4% for the TWIP/Maraging steel laminates (Figure 6.6).
Comparing the stand-alone Maraging steel to the Maraging steel in the HSLs,
the catastrophic fracture strain was not observed to increase. But the strain from

void forming to catastrophic fracture was improved significantly, 11.2%-11.4%,
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7%-9.6%. The fracture characteristics of the stand-alone Maraging layer
indicates a fully brittle fracture. In contrast, the Maraging layer in the laminates
features nucleation, growth, and coalescence of micro voids, classifying it as a
mixed-mode fracture (Gao et al.,, 2024). In summary, the fracture mode of
TWIP/Maraging steel laminates during uniaxial tensile loading is a
combination of voids nucleation, growth, coalescence and deflection at the
interface. The convolution of factors discussed above increases the crack growth
path, consume more energy and reduce the crack growth rate (Zhou et al., 2023),
which is an important reason for the improvement of the ductility of
TWIP/Maraging steel laminates. Therefore, the layered structure design with
alternating distribution of high-ductility soft layers and high-strength hard
layers can significantly improve the fracture elongation of multilayered

composites.

6.4 Conclusions

To date, numerous constitutive models have been devised to characterize the
stress-strain behaviour and strengthening mechanisms of HSLs. However,
these models often fail to address a wide range of application scenarios due to
their homogenized nature, the absence of a well-defined relationship between
stress and grain-level activities, and the lack of explicit consideration for
fracture mechanisms. Herein, we propose a computational framework that
integrates the non-local CPFEM and the CDM model to study the SBs evolution,
GNDs and fracture of TWIP/Maraging steel laminates. The constructed non-
local CPFEM-CDM framework not only ensure a more accurate grain-level
representation of the underlying physical phenomena, but also predict the
fracture characteristics which can achieve quantitative and non-empirical
design of HSLs. Its effectiveness has been verified by simulating the
deformation and fracture behaviour of stand-alone Maraging/TWIP layers and
their laminates during the uniaxial tensile. The following conclusions are

drawn:
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1)

The brittle and ductile fracture of homogeneous stand-alone Maraging/TWIP
steel were accurately captured respectively via the progressive CDM criterion
based on maximum slip.

The predominant failure mechanism shifts from sudden catastrophic failure for
stand-alone Maraging layer to void nucleation, coalescence and, ultimately,
specimen cracking for Maraging layer in the HSLs. Specifically, the Maraging
steel in the HSLs exhibits a higher prevalence of cracking compared to the
stand-alone case and exhibits a brittle to ductile transition.

The grain-level load transfer and strain partitioning between the two steel
phases were distinctly modelled and their effect on the nucleation and growth
of cracks within HSLs were investigated. GND was not observed to pile up at
the interface. The crack initiates at the SBs in all cases studied but the numerical
analysis of SBs alone is not sufficient to predict fracture. Although the
magnitude of the SBs is higher in the soft layer, fracture still happened in the
hard layer.

The numerical results achieved excellent agreement on stress-strain behaviour
and match the fracture characteristics within HSLs, displayed a good reliability.
The synergistic effect of the two phases in the HSLs, effectively avoided

stress/strain concentration, delayed the catastrophic failure.

In summary, although simplified Voronoi-based microstructures may not
capture every intricate detail of real microstructures, the numerical model
effectively replicates the fracture characteristics of HSLs through carefully
chosen assumptions and computational techniques. This model provides a
robust foundation for discussing the fracture behaviour of such laminates, as
explored in this study. By incorporating grain-scale material responses and
offering a systematic approach for identifying fracture parameters in HSLs, the
framework enables insights that would otherwise require extensive and
unconventional experimental efforts. Moreover, it presents an innovative

perspective on improving ductility in these laminates.
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Chapter 7 Conclusions and Future
Work

7.1 Conclusions

This study focused on the numerical investigation of deformation mechanisms
in HSMs, specifically, copper laminates, bi-layered HEA and TWIP/Maraging
steel laminates. The primary aim was to quantify the synergistic effects arising
from the strategic combination of these materials. The key contributions of this

Thesis are as follows:
I.  Development of a MSGP modified JC model for the prediction of size
effect and strain rate effect, with explicitly calculation of the strain

gradient at each iteration step.

II.  Development and implementation of multiple-physical mechanisms-
based FEM framework to quantify strengthening mechanisms and

damage of HSLs.

III.  Full-field investigation of grain-level strengthening mechanisms in

HSMs via the development of a non-local CPFEM framework.

IV.  Explicit numerical investigation of fracture mode transition of
TWIP/Maraging steel laminates via the development a non-local

CPFEM-CDM framework.

The specific contributions made, and the corresponding conclusions drawn are

detailed below, aligned with the knowledge gaps identified in Chapter 2.
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Knowledge gap 1: There is a lack of implementation of methodology to extract

an explicit and real-time estimation of the plastic strain gradient within an

MSGP-modified JC computational framework.

A novel 3D MSGP-modified JC framework was developed in Chapter
3 in which the plastic strain gradient value could be extracted
explicitly at every simulation time-step. Based on this model, tensile
and torsion simulations were also conducted on microscale copper
wires for a range of wire diameters and strain rates.

The outcome of these simulations was shown to compare well against
experimental data found in the literature. Based on this model, it was
also possible to quantify the respective contribution of strain rate and
strain gradient effect on the hardening of small-scale copper wire
specimens.

It is anticipated that this novel approach should not only enable the
investigation of size, strain rate and temperature effects on material
response to plastic deformation but also contribute to provide
practitioners with a methodology for adapting conventional
macroscale constitutive models towards performing microscale

simulations.

Knowledge gap 2: A constitutive model which could gquantitatively investigate

the sources of hardening and the internal damage evolution of HSLs and to

predict the response of such laminate materials under a range of deformation

scenarios, including in tension and during nanoindentation is vet to be

developed.

A 3D multiple mechanism based constitutive model coupled with the
JC failure criterion was established in Chapter 4 to investigate the

deformation mechanisms of HSLs.
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The effect of GBs, dislocations and back stress from both grain level
and sample level on the material properties of HSLs during uniaxial
tension was investigated using the developed model.

Its implementation was realised using the ABAQUS/EXPLICIT
subroutine which allows its usage in dynamic metal micro-forming

processes.

Knowledge gap 3: While a non-local CPFEM model was developed for the

investigation of heterostructured materials in (Zhang, Zhao, et al., 2023; Yong

Zhang et al., 2024), grains were not explicitly considered in these studies. As a

result, mechanisms such as shear band and grain rotation could not be

captured.

A novel CPFEM framework was developed in Chapter 5 to reproduce
and confirm a number of known experimental findings, namely that
1) shear bands and damage propagate among grains sharing similar
orientation and 2) significant rotation and slip take place in grains
subjected to severe damage. Based on this, it is suggested that the
properties of heterostructured materials could be further enhanced
not only by controlling the grain size and dislocation density
gradients, but also by controlling the initial grouping of grains and

their respective orientations as well.

For the heterostructured bi-layered HEA modelled in Chapter 5, it
was interesting to notice that GNDs accumulated at grain boundaries,

rather than at the hetero-interface.

It is suggested that the JC damage criterion could also be employed
to characterise shear bands evolution, which in turn could lead to the

identification of potential crack nucleation sites.
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Knowledge gap 4: The intriguing synergy effect during the deformation

process of metallic HSMs is still not fully understood due to the difficulties in

accurate description of the real ‘fracture’ process at the microscale.

The work in Chapter 6 investigated the strengthening mechanisms
and fracture modes in HSLs through a full-field non-local CPFEM
framework and incorporated progressive continuum damage
mechanics (CDM) model for the crack initiation and propagation.

It was observed that the non-local CPFEM-CDM model based on
maximum slip accurately captured the typical brittle and ductile
damage of stand-alone Maraging steel and TWIP steel.

It was further found that the hard Maraging layer reside in the HSLs
exhibited a fracture process of void nucleation, coalescence and
propagation, displayed a brittle to ductile fracture trend which was
in stark contrast to stand-alone Maraging layer where a typical brittle
fracture was observed.

These findings were in good agreement with recent experimental
observations in terms of stress-strain responses, SBs evolution and
fracture mode. The enhanced ductility of HSLs originated from the
heterogeneous deformation-induced (HDI) stable SBs evolution

during tension.

7.2 Future work

Based on the research investigations reported in this Thesis, several potential

directions for future work, corresponding to Chapter 3, 4, 5 and 6 respectively,

have been identified as follows:

1. Itis anticipated that the concise mathematical formulation proposed

in this work should enable practitioners to re-use readily available
material properties for the simulation of small-scale specimens at
different strain rates. In this way, efforts in complementing additional
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small scale experimental data to fit a pre-exiting model may be
reduced. In particular, the proposed model provides a
straightforward and easy-to-implement pathway to extend the use of
continuum plasticity-based finite element simulations package to
micro/sub-micro scale effectively. One should notice that while the
presented findings in Chapter 3 are aligned with existing
experimental data, the work would still benefit from further
experimental validations which would more closely match the
reported simulations. Besides, for a typical dislocation density on the
order of 10'>/m?, the average dislocation spacing is around 30 nm
such that the MSGP-modified JC flow stress expression holds at a
scale above 100 nm. Future work should also focus on studying the
influence of the temperature against the contribution of the strain rate
and plastic strain gradient based on the presented model.

It is anticipated that the developed framework in Chapter 4 could be
readily extended to simulate other metallic heterogeneous materials,
particularly in the context of dynamic manufacturing processes such
as forming. The proposed framework is versatile and should support
the application of metallic laminates and, potentially, gradient
metallic structures, by enabling the optimal design of such materials.
However, to further enhance the predictive capability and physical
relevance of the model, more realistic deformation mechanisms
should be incorporated. While the current work focuses on
dislocation pile-up as a primary factor, yielding a good correlation
between numerical and experimental results, it is important to note
that the deformation mechanisms in heterogeneous materials are
inherently complex. Future efforts should consider additional factors
such as grain boundary interactions, twinning, phase
transformations, and the role of interfaces, which play a critical role

in governing the mechanical behaviour of these materials.
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Particular attention should be paid to the interfaces between different
material phases or layers, as they often act as sites for stress
concentration, crack initiation, and dislocation accumulation. A more
detailed representation of interface properties and their evolution
during deformation could significantly improve the accuracy and
applicability of the framework. By incorporating these aspects, the
proposed model could provide deeper insights into the deformation
behaviour of heterostructured materials and support the
development of advanced materials with tailored mechanical
properties for specific applications.

Although GNDs were not explicitly observed in the presented work
in Chapter 5, prior studies have reported that GNDs tend to
accumulate near interfaces, particularly when the grain size ratio
between hard and soft phases is significant. This phenomenon is
attributed to the strain gradient plasticity effects that arise due to the
mechanical incompatibility between regions of differing grain sizes.
Specifically, when the grain size ratio exceeds a certain threshold, the
strain gradients at the interfaces become more pronounced, leading
to a higher density of GNDs near these boundaries compared to the
grain interiors. Future work should systematically investigate
whether a critical threshold exists for the size ratio between fine and
coarse grain regions, beyond which GND accumulation at interfaces
becomes dominant over grain-scale GNDs. Such a study would
provide valuable insights into the micromechanical mechanisms
governing heterostructured materials and could help establish design
guidelines for optimizing interface-dominated strengthening effects.
Additionally, exploring the role of other factors, such as interface
geometry, crystallographic orientation, and loading conditions, in
influencing GND distribution would further enhance our

understanding of the deformation behaviour in these materials.
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4. Explicit modelling of orientation information, including re-
orientation effects, of polycrystalline grains should be considered in
future research as a complement to Chapter 6. A detailed
investigation into the initial crystallographic orientation of grains and
their re-orientation during mechanical deformation would provide
critical insights into the interplay between microstructure and
macroscopic mechanical properties. Such an approach would enable
the quantification of how grain orientation gradients, texture
evolution, and local strain partitioning influence the overall
mechanical response. Indeed, a systematic study on the influence of
grain orientation and its evolution under varying loading conditions
would pave the way toward a more quantitative understanding of
the role of heterogeneous microstructures. This could significantly
advance the design and optimization of a broader class of

heterostructured materials with tailored mechanical properties.
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Appendix: mesh convergence

To demonstrate that the mesh resolution is sufficiently high in this work, a 3D
RVE with 10 grains is generated with different mesh numbers: 2304, 3600 and
4624, using Neper. The tensile stress-strain curves with different mesh
resolutions are shown in Fig. A1 below. The results indicate that as the element
number increases from 2304 to 4624, the stress-strain curves nearly overlap.
Therefore, to ensure the accuracy of the results and reduce the computation cost

simultaneously, 200 elements per grain are used for mesh in this work.
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Fig. A1: Mesh convergence study on the developed framework.
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