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Abstract

The manufacturing sector is experiencing a significant trend towards product
miniaturization, particularly within industries such as automobile, medical
instruments, and consumer electronics. To fulfil this demand, meso/microforming
has emerged as a promising method for producing miniaturized parts and
components. However, challenges related to product quality assurance and process
control persist, largely due to the size effect (SE) that influences deformation
mechanisms and behaviours in meso/microforming. In tandem with this, This PhD
thesis is focused on studying the SE and its induced forming phenomena in
micro/meso-scaled metal-forming of complex-shaped parts by Crystal Plasticity

Finite Element Method (CPFEM) based simulations.

The study begins by validating the feasibility of CPFEM for simulating simple
meso/microforming processes through the comparisons with experimental data.
This ensures the accuracy of CPFEM simulation accuracy in predicting
deformation behavior, load-stroke relationships, and microstructural changes.
Subsequently, the application of CPFEM is extended to more complex forming
processes, such as progressive microforming and multi-step forming operations.
The research revealed that CPFEM's capability to predict deformation and failure
mechanisms in these forming processes, addresses a significant gap in current

knowledge.

Secondly, a comparative analysis of CPFEM with other common simulation
methods is done in terms of the evaluation of their respective strengths and
weaknesses, in terms of prediction accuracy, computational efficiency, and

microstructural evolution. The integration of CPFEM with advanced experimental



techniques, such as the quasi-in-situ Electron Backscatter Diffraction (EBSD),
provides a comprehensive approach to understanding deformation mechanisms and

microstructural changes influenced by grain SEs.

The findings demonstrate CPFEM's effectiveness in capturing detailed material
behaviours and deformation mechanisms. This work not only establishes a basis
that CPFEM is a superior simulation tool to offer actionable insights for optimizing
forming processes and selecting appropriate materials. Future research directions
include enhancing computational efficiency, integrating multi-physics models,
advancing fracture modelling, developing material databases, optimizing processes,

and implementing in-situ and real-time monitoring.

In summary, this thesis significantly advances the application of CPFEM in
meso/microforming processes. Through meticulous simulations, experiments, and
result comparisons, it demonstrated the CPFEM's unparalleled ability to capture
detailed material behaviours and deformation mechanisms influenced by SEs. The
insights gained hold substantial promise for enhancing the accuracy, efficiency,
and reliability of forming complex-shaped components at the meso/micro-scale,

facilitating the way for future innovations in micro-manufacturing.
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Chapter 1 Introduction

1.1 Research background

The escalating prevalence of product miniaturisation is a notable trend across various
industrial sectors, including micro lector mechanical systems, automobiles, and
medical instruments [1-3]. In response to this trend, the efficient production of
miniaturized components has emerged as a critical challenge. Meso/microforming,
which entails the fabrication of parts and components at the meso/micro scale, has
garnered significant attention due to its numerous advantages. These include low
manufacturing costs, high productivity, efficient material utilization, and the enhanced
mechanical properties of the resultant meso/microformed parts [4, 5]. However,
despite these benefits, the assurance of product quality and the control of the
meso/microforming remain problematic when dealing with metallic or metal-based
materials. These issues are particularly pronounced in the production of complex and
highly accurate meso/micro-scaled components and structures, where undesirable
geometries, loss of dimensional accuracy, and tolerance deviations frequently occur
[6-10]. This is largely attributable to the SEs, a phenomenon that arises due to the
altered deformation mechanisms and mechanical responses during the downscaling

process, thereby significantly impacting the overall forming behaviour [11, 12].

When sheet metal undergoes conventional heat treatment, the grain size typically
approximates the thickness of the sheet, thereby exacerbating anisotropy during
deformation [13-15]. This can impact the dimensional accuracy, surface finish, and

load-bearing capacity of the formed metal components [16, 17]. Research by Fu et al.



has examined the SEs in progressive forming of various meso/micro-scaled
axisymmetric components, including hollow flanged parts [18, 19], double-flanged
parts [20], conical-flanged parts [21], and pogo pins [22]. These studies were
conducted using metal sheets—copper, brass, and titanium—of 0.5-2.0 mm in
thickness and with grain sizes ranging from 20 to 200 um. The consensus reached
indicates that the forming load for coarse-grained materials is lower, while the
dimensional accuracy for fine-grained materials is enhanced. Contrary to these
findings, the grain SE on the extrudate length is, however, opposite for the pogo-pin
[22] and another hollow flanged micropart [23]. Additionally, other studies have been
conducted by Ghassemali et al. [24] and Zhang et al. [25], employing two-step forming
and progressive forming processes to manufacture micro-pins and bipolar plates,
respectively. Many of these studies have relied on conventional FEM simulation, as it
can significantly reduce the costs associated with process and tooling design and
development. However, the SEs have not been well represented in the simulations
conducted in the aforementioned studies, because the FEM is primarily developed for

handling macro-scale scenarios.

In response to this challenge, several studies have explored innovative approaches,
including the CPFEM. CPFEM is inherently well-suited for predicting grain SEs
during meso/micro-scaled forming processes, as it takes into account crystal
orientations, grain boundaries, and other microstructural features at the grain level that
are directly related to the anisotropy and heterogeneity of material behaviour [26-28].
CPFEM has been extensively utilized to simulate the forming process. Guo et al. [29]
employed CPFEM for the simulation of TWIP steel deep drawing characterized by a
high ratio of sheet thickness to drawing depth. Kardan-Halvaei et al. [30] and Zheng
et al. [31] subsequently applied the method to simulate the upsetting of similar flange

parts, respectively. Tong et al. [32, 33] initially conducted 2D CPFEM simulations of



microembossing using a pure copper sheet and subsequently performed 3D
simulations for the progressive forming of a hexagonal socket part by integrating
CPFEM with the cohesive zone model. They observed that while CPFEM offers
essential insights into the coupled behaviour of SEs and microscale deformation
mechanisms, its computational expense may be excessively high, rendering it
computationally infeasible, particularly for large deformation processes such as

meso/microforming processes.

To summarize, the application of CPFEM in the meso/micro-scale has primarily been
confined to Representative Volume Elements (RVE) and "simple™ forming processes,
and most of size effects cannot be captured by FEM, which greatly influence the
product quality and process control. Given this gap, it is essential to conduct relevant
research. Therefore, the focus of this thesis is on the application and expansion of

CPFEM in the forming of meso/micro-scaled components.

1.2 Research objectives

This PhD thesis is driven by the need to expand the application of the CPFEM in the
forming processes of meso/micro-scaled components. The research flowchart for this

thesis is shown in Fig. 1.1. The detailed objectives are as follows:

1) To develop an integrated meso/micro-scaled progressive forming system
combining product design, process analysis, and CPFEM simulation, and utilize
it to investigate the interplay between scale-dependent deformation behavior, size
effect mechanisms, and final part quality (e.g., dimensional accuracy, surface
integrity, mechanical properties) across diverse product geometries.

2) To establish an engineering-feasible CPFEM framework for predicting material

deformation in meso/micro-scaled forming, explicitly incorporating the effects of



3)

4)

grain-scale heterogeneity and texture evolution. This framework will be validated
against experimental data for fundamental processes to quantify its accuracy in
capturing critical engineering metrics.

To deploy the developed CPFEM framework for simulating complex progressive
forming operations, assessing its predictive capability for deformation mechanics,
failure initiation, and final part quality under strong size effects. Comparative
analysis with conventional FEM methods will quantify gains in accuracy and
computational practicality for engineering applications. To provide
microstructure-informed guidelines for process optimization.

To elucidate the fundamental mechanisms linking microstructure, size effects, and
deformation by integrating CPFEM predictions with high-resolution EBSD
characterization across deformation zones. This will quantify the influence of
initial grain structure (size, orientation) and deformation-induced heterogeneity

on meso/micro forming behavior and final part performance.



Fig. 1.1 Research flowchart for this thesis.



1.3 Significance of this thesis

In the short term, this thesis provides a comprehensive and detailed exploration of the
application of CPFEM in the meso/microforming. By validating the feasibility of
CPFEM through simulations and experimental comparisons, this research offers
immediate practical benefits for industries involved in micro and meso manufacturing.
Specifically, the insights gained from this study can be directly applied to optimize
existing forming processes, leading to improved part quality, reduced production costs,
and enhanced process reliability. The detailed analysis of CPFEM's capabilities in
capturing material behaviour and deformation mechanisms also serves as a valuable
reference for engineers and researchers looking to adopt advanced simulation
techniques in their work. Furthermore, the comparative study with other methods
provides actionable recommendations for selecting the most appropriate simulation
approach based on specific process requirements, thereby facilitating more efficient

and accurate process design.

From a long-term perspective, this thesis represents a significant step forward in
advancing the theoretical and practical understanding of CPFEM in
meso/microforming processes. By addressing the limitations of current research and
expanding the application of CPFEM to more complex parts, this work lays the
foundation for future innovations in manufacturing technologies. The detailed
investigation of deformation mechanisms and microstructural evolution provides a
deeper understanding of material behaviour at small scales, which is crucial for the
development of new materials and advanced forming processes. Additionally, the
integration of CPFEM with experimental techniques, such as EBSD, opens up new
avenues for real-time monitoring and optimization of forming processes. These

advancements have the potential to transform the way complex parts are designed and



manufactured, leading to more efficient, sustainable, and high-performance
manufacturing solutions. Ultimately, this research contributes to the broader goal of
enhancing the precision and reliability of meso/microforming processes, paving the

way for the next generation of advanced manufacturing technologies.

1.4 Outline of the thesis

This thesis consists of seven chapters. Chapter 1 identifies the research gaps, presents
the research objectives, and elaborates on the significance of this doctoral project.
Chapter 2 provides a systematic literature review and critical analysis. Chapters 3, 4,
5, and 6 introduce the main research discussions and findings. Chapter 7 concludes

the thesis with overall conclusions and suggestions for future research directions.



Chapter 2 Literature Review

2.1 Meso/microforming

Meso/microforming is an advanced manufacturing technology that focuses on the
production of components within specific size ranges. As shown in Fig. 2.1, it is
designed to create parts with dimensions typically ranging from a few micrometres
(um) to several millimetres (mm), bridging the gap between macro-scale and nano-

scale manufacturing.

Fig. 2.1 Meso/micro-scaled components and structures fabricated by forming

processes [3, 34-36].

At the micro-scale, forming processes are employed to produce small, intricate
components with high precision and accuracy. These components are often used in

applications requiring miniaturization, such as microelectronics and medical devices



[37, 38]. Meso-scaled forming, on the other hand, involves slightly larger dimensions
and is used to create components that are still relatively small but require more robust
mechanical properties. This scale is particularly relevant for industries like automotive
and aerospace, where lightweight yet strong components are needed [39, 40]. Overall,
meso/microforming leverages specialized techniques to achieve the desired process

control and product quality within these specific size ranges.

Meso/microforming can be classified into several categories, including sheet metal-
forming, bulk metal-forming, and hybrid forming processes. Each category has its
unique characteristics and applications. The examples of these forming processes are

illustrated in Fig. 2.2.

1)  Sheet metal-forming

Sheet metal-forming is a versatile category of meso/microforming that involve the
deformation of thin metal sheets into desired shapes [41]. This technique is widely
applied for producing meso/micro-scaled components with high precision and

complex geometries. The main subcategories of sheet metal-forming include:

I. Meso/micro-stamping and embossing are precision forming processes used to
produce small-scale structures or parts directly from sheet foil [10]. It involves
placing the metal sheet between punches and dies and applying high load to shape
the material, as shown in Fig. 2.2 (a). The difference is that these processes involve
blind stamping to create depth or height. Stamping creates a recessed effect, while
embossing creates a raised effect [42]. These processes are highly efficient for mass
production and can achieve high dimensional accuracy. It is commonly used in the
manufacturing of microelectronic components, such as connectors and micro-

sensors [43].



Meso/micro-bending is a forming process that bends thin metal sheets into specific
angles or shapes [44]. It is typically performed using specialized bending tools or
fixtures, as shown in Fig. 2.2 (e). The process is highly precise and can produce
complex geometries with tight tolerances. This process is widely used in the
production of meso/micro-scaled components for medical devices and precision
instruments [45, 46].

Meso/micro-deep drawing is a process where a flat metal sheet is drawn into a die
to form a cup-shaped or hollow part [47]. The sheet is subjected to tensile forces,
causing it to stretch and take the shape of the die, as shown in Fig. 2.2 (b). This
process is known for its ability to produce deep, intricate shapes with high precision.
It is commonly used in the manufacturing of meso/micro-scale containers and
housings for electronic components [48].

Meso/micro-blanking is a process used to cut and separate small parts from a larger
sheet of metal [49]. It involves using a punch and die to shear the material along a
specific path, as shown in Fig. 2.2 (d). The process is highly precise and can
produce parts with clean edges and minimal burrs. This process is widely used in
the production of meso/micro-scaled components for aerospace and automotive

applications [50].
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Fig. 2.2 Common meso/micro-scaled sheet metal-forming: (a) meso/micro-stamping
[51], (b) meso/micro-deep drawing [52], (c) meso/micro-embossing [53], (d)

meso/micro-blanking/heading [54], and (e) meso/micro-bending [6].

2)  Bulk metal- forming

Bulk metal-forming is essential techniques in meso/micro-scaled manufacturing and
utilized to make bulk metal materials into desired forms [55]. It involves significant
deformation of the workpiece, resulting in components with high strength and
dimensional accuracy. The representatives of meso/micro-scaled bulk forming

processes are shown in Fig. 2.3. The main subcategories of bulk metal-forming include:

i. Meso/micro-forging uses localized compressive forces to shape metal, which is
performed with a hammer (usually a powered hammer) or a die [56]. The dies are
designed to control the flow of material, resulting in components with complex
geometries and high dimensional accuracy. This process is often used for producing
small-scaled components with intricate shapes, such as micro-turbine blades [57].

ii. Meso/micro-extrusion is a process where metal is forced through a die to produce

long, continuous shapes [58]. In meso/micro-scale extrusion, the process is scaled

11



down to produce small-diameter or thin-walled components. Direct extrusion is
ideal for manufacturing small-diameter rods, tubes, and wires. Indirect extrusion
reduces friction and wear on the die, making it suitable for producing high-
precision micro-scaled components such as micro-tubes and micro-channels.
Meso/micro-rolling is a process where metal is passed through a pair of rolls to
reduce its thickness and improve its surface finish [59]. Flat rolling is used to
produce thin metal sheets for applications such as microelectronics and medical
devices. Profile rolling is used to manufacture small-scaled components with
complex profiles, such as micro-gears and micro-springs.

Meso/micro-upsetting is a bulk-forming process where the metal is compressed to
increase its cross-sectional area in one direction while reducing it in another. It is
utilized to produce small-scaled components such as micro-bolts, micro-pins,

micro-rollers and micro-bearings [60].

Fig. 2.3 Common meso/micro-scaled bulk metal-forming: (a) meso/micro-forging

[61], (b) meso/micro-rolling [62], (c) meso/micro-heading [63], (d) meso/micro-

12



upsetting [64], and (e) meso/micro-extrusion [65].
3)  Hybrid Forming Processes

Hybrid forming processes are innovative manufacturing techniques that integrate
multiple forming methods to leverage their combined advantages. These processes are
particularly useful in meso/microforming, where the production of complex
geometries and high-precision components is required. The main utilization of hybrid
forming in meso/micro-scale can be seen in Fig. 2.4. The following sections introduce

some key hybrid forming processes.

Fig. 2.4 Common meso/micro-scaled hybrid forming processes: (a) multi-point
incremental forming and stretch forming [66], (b) micro-rolling & incremental sheet

forming [67], and (c) progressive forming [68].

I. Hybrid incremental forming processes combine traditional incremental forming
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techniques with other manufacturing methods to enhance formability and surface
quality [69]. For example, incremental sheet forming combined with stretch
forming integrates single-point incremental forming with stretch forming to
produce complex geometries with improved surface quality and reduced
springback. Multi-point incremental forming uses multiple forming points to
distribute the deformation more evenly, resulting in better thickness distribution
and reduced thinning.

Ii. Progressive forming is a specialized hybrid process that involves continuous
deformation of a workpiece through multiple forming stations [70]. In progressive
forming, a metal sheet is fed through a series of dies, each performing a specific
forming operation. The strip is advanced precisely between stations to ensure
accurate alignment. This method is ideal for producing high-precision parts with

complex geometries, such as microelectronics components and automotive parts.

To summarise, meso/microforming processes encompass a broad spectrum of
techniques and applications, exhibiting considerable diversity and adaptability. Each
category is distinguished by its unique attributes and associated challenges. Athorough
comprehension of these distinctions is essential for the judicious selection of the most

suitable forming process tailored to specific application requirements.

2.2 Size effects in meso/microforming

2.2.1 Concept of size effects

SEs play a crucial role in meso/microforming processes, significantly influencing
material behaviour and the overall forming characteristics [71]. Unlike macro-scaled
forming, where material properties are generally considered uniform and size-

independent, meso/microforming involves dimensions that are comparable to the
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material’s microstructural features. This leads to unique phenomena that must be

understood and accounted for the design and optimization stages.

SEs refer to the changes in material properties and deformation behaviour that occur
as the characteristic dimensions of the workpiece approach the size of the grains.

These effects are categorized into two main types: feature SE and grain SE [72].

1)  Feature SE: It arises when the workpiece dimensions are comparable to the
microstructure size of the material. At these scales, the material behaviour
deviates from classical continuum mechanics assumptions. For example,
surface-to-volume ratios increase significantly at meso/micro-scales, leading to
enhanced surface energy effects. This can result in phenomena such as increased
strength, reduced ductility, and altered deformation mechanisms [73].

2)  Grain SE: In meso/microforming, the grain size of the material can have a
significant effect on the forming behaviour. Smaller grain sizes typically result
in elevated stress and hardness levels. This phenomenon occurs because the
higher number of grain boundaries serves as obstacles to dislocation movement,
thereby enhancing the material's resistance to deformation [74]. However,
smaller grains can also result in reduced ductility, making the material more
susceptible to fracture during forming. Therefore, the grain size must be
carefully controlled to balance strength and formability in meso/microforming

processes.

2.2.2 Size effects on mechanical properties and material fracture

At the meso/micro-scale, the hardening behaviours of materials is significantly
influenced by SEs, which arise due to the interaction between the characteristic

dimensions of the workpiece and the material’s microstructural features. These effects
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are particularly pronounced when the dimensions of the workpiece approach the scale
of the material’s microstructure. Understanding these SEs is crucial for predicting and

controlling forming behaviours.

In the realm of meso/microforming, the dimensions of the workpiece, such as
thickness or diameter, exert a substantial influence on the flow stress characteristics.
As these dimensions are reduced, the material's response diverges from the
conventional macro-scale behaviour. For instance, Fig. 2.5 illustrates a notable trend
where the tensile stress of AA1070 is decreasing with sheet thickness across. Unlike
interior grains, which are encased by neighbouring grains and thus experience higher
resistance to deformation, surface grains encounter relatively less constraint. This
disparity in deformation resistance results in a reduction in the overall stress. For
example, micro-scale tensile testing has revealed that the stress of thin sheets
diminishes as the ratio of thickness to grain size (t/d) drops below a critical threshold
[75]. This phenomenon is indicative of the heightened influence of surface grains,

which increasingly dictate the material's deformation behaviour at smaller scales.

Fig. 2.5 Tensile stress strain curves for different sample thicknesses of AA1070,
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showing feature SEs [76].

When materials possess identical thickness or diameter, the increasing grain size
results in a greater proportion of surface grains, which are subject to reduced
deformation resistance. This phenomenon consequently causes the stress to diverge
from the classical Hall-Petch relationship. Fig. 2.6 illustrates the grain SEs on the yield

and stress of various materials.

Fig. 2.6 Grain SEs in yield and stress of various materials [77].

Moreover, in meso/microforming processes, the fracture and damage behaviours of
metallic materials under stress are strongly influenced by SEs. As shown in Fig. 2.7,
the SEs on the fracture strain are very significant. These effects are distinct from those
observed at macro-scales and are primarily driven by the interplay between the
dimensions of the workpiece and the material’s microstructure [78]. On the one hand,
at meso/micro-scales, damage accumulation in metals is influenced by the increased
surface grains ratio. Surface grains are more susceptible to deformation and damage

due to their reduced resistance to deformation compared to the interior ones. This
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results in a higher rate of damage accumulation, which can strongly influence the
material’s overall mechanical properties [79]. On the other hand, the increase of grain
size can lead to significant microstructural heterogeneity. This heterogeneity can cause
localized damage accumulation, especially in regions with fewer grains. Crack
propagation in metals at meso/micro-scales is also affected by SEs [80]. Finer grains
typically exhibit greater resistance to crack propagation, as the higher density of grain
boundaries serves to impede crack growth. However, at meso/micro-scales, the
reduced number of grains per unit volume can lead to more significant variations in
crack propagation behaviour. For example, in micro-scale tensile tests, cracks are more

likely to propagate along grain boundaries.

Fig. 2.7 Size effects in fracture strain of brass material [81].
2.2.4 Size effects on deformation behaviours in meso/microforming

In meso/microforming processes, SEs significantly influence the deformation
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behaviours of materials, including load-stroke relations, dimensional precision,
material flow, surface roughness, etc. As shown in Fig. 2.8, two cases (a pogo-pin and
a connector) were selected to describe the grain SEs on the product quality issues in

meso/microforming.

In the process control of forming technologies, the control of the load-stroke relations
is highly critical. The load-stroke curve serves as a crucial diagnostic tool, offering
comprehensive insights into the material's deformation characteristics throughout the
forming process. By analysing this curve, it is possible to precisely monitor and obtain
the process parameters. As shown in Fig. 2.8 (a), when the same set of dies and
processing conditions are used to form materials with different grain sizes, distinct
load variations are observed. As grain size diminishes, the load necessary to induce
deformation correspondingly rises. Additionally, the disparity in load becomes
particularly notable during the final blanking stage. During blanking, the material
experiences abrupt and localized deformation, and the smaller grain size significantly
amplifies the material's resistance to deformation. Consequently, the load required for
blanking escalates markedly with decreasing grain size. Comprehending and
managing these load variations are vital for refining the process and ensuring the

reliability and quality of the formed components.
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Fig. 2.8 The grain size effects on (a) load-stroke relations, (b) dimensional accuracy,

(c) material flow behaviours, and (d) surface roughness [22, 23].

The quality of the final formed components is always a matter of great concern. For
meso/micro-scaled parts, grain size becomes particularly sensitive to the dimensional
accuracy of the components. As shown in Fig. 2.8 (b), there are SEs in the length and
diameter of different sections of a pogo-pin. To analyse this behaviour, one can
observe the material flow to predict the final dimensions. Fig. 2.8 (c) illustrates the
microstructure and simulated strain accumulation in a cross-section of another
connector part. It is evident that grains in different regions experience varying degrees
of deformation, characterized by grain deformation and rotation. High-strain areas
often exhibit smaller grain sizes and more pronounced deformation, resulting in the
shear bands. Moreover, for most meso/micro-scaled parts, surface quality is crucial
for their application. Surface roughness and defects can significantly affect the
performance and reliability of these small-scaled components. For example, Fig. 2.8

(d) shows the quality of two mating surfaces of a pogo-pin. The grain SEs on surface
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quality is apparent, and whether additional post-processing is required remains a topic

for further investigation.

SEs are of paramount importance in mese/microforming processes. They significantly
influence the dimensional precision, material behaviour, and surface quality of the
components. To achieve high-quality and high-precision parts, it is essential to have
appropriate tools and techniques to control and optimize the forming processes.
Understanding and managing these size effects are crucial for ensuring the reliability

and performance of micro/meso-scaled components.

2.3 Crystal plasticity finite element method

2.3.1 Basics of crystal plasticity finite element method

Most metallic materials are composed of crystalline structures, where atoms are
arranged in a periodic lattice. This inherent crystalline nature gives rise to anisotropy,
meaning that the material properties can vary depending on the direction within the
crystal lattice [82]. Crystal anisotropy is a fundamental characteristic of metallic
materials and significantly influences their mechanical behaviour. For example, the
deformation mechanisms, such as slip and twinning, are highly dependent on the
crystallographic orientation [83]. This anisotropy affects the material's response to
applied stresses, leading to differences in strength, ductility, and deformation patterns
along different crystallographic directions [84]. Accurate prediction of the metallic
materials, particularly in complex forming processes, hinges critically on the

recognition and incorporation of material anisotropy.

Finite element analysis (FEA) has long been a powerful tool for simulating the

mechanical behaviour of materials. However, traditional FEA often assumes isotropic
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material behaviour, which is insufficient for accurately capturing the anisotropic
nature of crystalline materials. To address this limitation, crystal plasticity models
were integrated into finite element frameworks. This integration allows for the explicit
consideration of crystallographic orientation and deformation mechanisms within the
finite element analysis. By incorporating crystal plasticity, the FEA can more
accurately simulate the deformation behaviour of metallic materials, taking into

account the anisotropic effects that arise from the underlying crystal structure.

Current phenomenological crystal plasticity mainly considers the slip and twinning
mechanism in crystalline materials. As shown in Fig. 2.9 (a), slip is a fundamental
deformation mechanism in crystalline materials, particularly in metals. It involves the
movement of dislocations along specific crystallographic planes and directions.
Twinning is another deformation mechanism that occurs in crystalline materials,
particularly in metals with low-symmetry crystal structures, such as hexagonal close-
packed (HCP) metals like magnesium. Twinning involves the formation of a mirror
image of the crystal lattice across a specific plane, known as the twin plane. Moreover,
the relative orientation between the slip plane, slip direction, and applied force can be
seen in Fig. 2.9 (b). In such a way, a slip plane and a slip direction constitute a slip
system, where the critical resolved shear stress 7 is required to describe the slip

system, as shown in the following:

tr(€) = cosbcosp-oc=f-0 (2.1)

where f is the Schmid factor related to the grain orientation. The Schmid factor is
used to predict the likelihood of a particular deformation mechanism being activated.
A higher Schmid factor indicates a greater likelihood of that mechanism being
activated under a given stress state. For example, in polycrystalline materials, grains

with higher Schmid factors for a particular slip system are more likely to deform by
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that system when subjected to an external load.

Fig. 2.9 Illustration of (a) slip and twinning, (b) the relative orientation between slip

plane, direction, and applied force [85].

CPFEM is a computational framework that combines the principles of crystal
plasticity with the finite element method. It explicitly models the deformation of
individual grains within a polycrystalline material. The key features of CPFEM
include: 1) CPFEM models each grain individually, considering its unique
crystallographic orientation and deformation mechanisms. This allows for a detailed
representation of the microstructure and corresponding effects on the macroscopic
mechanical behaviour. 2) The method incorporates anisotropic deformation
mechanisms such as slip systems and twinning, which are essential for accurately
capturing the deformation behaviour of crystalline materials. 3) CPFEM enables
multi-scale analysis, linking the microstructural behaviour to the macroscopic
mechanical response. This is particularly useful for understanding the influence of
microstructure on the overall behaviours of the material. 4) By integrating

crystallographic orientation and anisotropic deformation behaviours, CPFEM
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provides enhanced prediction of the mechanical performance of metals under various

loading conditions..

2.3.2 Framework of CPFEM

The implementation of CPFEM follows a structured methodology to model the
mechanical behaviour of crystalline materials. As depicted in Fig. 2.10, this procedure
is generally segmented into three primary stages: the establishment of tessellation, the
determination and input of material models, and the determination and input of
constitutive equations. Each step is crucial for accurately capturing the deformation

behaviour of the material at the microstructural level.

Fig. 2.10 Illustration of a common method of the utilization of CPFEM in analysis of

material plasticity [86].
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1)  Tessellation establishment

Tessellation, or mesh generation, is the first and foundational step in CPFEM. This
involves discretising the material into grains with meshing, each representing a small
volume of the material. The precision and efficiency of simulations are heavily

dependent on the tessellation's quality.

I. The mesh generation commences with the precise delineation of the material's
geometry, encompassing its boundaries and intrinsic features such as grain
boundaries. Subsequently, the material is discretised into a finite element grid. The
selection of element type and mesh density are pivotal considerations. While a finer
mesh affords greater resolution, it concurrently escalates computational expense.

ii. Within the framework of CPFEM, each grain within the polycrystalline material is
commonly modelled using one or more finite elements. The orientation of these
grains is of fundamental significance, as it dictates the crystallographic orientation
and the associated deformation mechanisms. The initial grain structure can be
derived from empirical data, such as EBSD, or synthesised through computational
techniques. One widely employed method for generating the initial grain structure
is Voronoi tessellation. This approach commences with a series of random seed
points, each of which signifies the centroid of a grain. The space is subsequently
partitioned into regions, known as Voronoi cells, surrounding each seed point, with
each cell representing an individual grain. The orientation of each grain may be
assigned either randomly or in accordance with experimental data.

2)  Establishment and input of constitutive equations

The second step defines and implements constitutive equations based on crystal
plasticity theory to model the anisotropic mechanical behavior of crystalline materials.

The kinematic framework of CPFEM, based on theories by Rice [87] and Hill and
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Rice [88], models material flow through dislocation motion, leading to elastic
deformation, lattice rotation, and slip/twinning. The total deformation gradient F is

decomposed as
F=F¢-Fp (2.2)

Here F¢ represents the elastic rotation and stretching of the lattice, while FP
corresponds to the deformation gradient component resulting exclusively from crystal

slip. The instantaneous velocity gradient L is expressed as
L=F-F'= Fe-Fe~' 4 Fe-FP-FP-1.fe"! (2.3)

In this context, the plastic deformation gradient is defined according to the flow rule

as
LP = FP-FP~1 (2.4)

Then, the flow rule and hardening equations should be involved, which are different

from case to case.

As for the input or utilization of these constitutive models, a user-defined subroutines
is usually the best choice. For example, in commercial finite element software like
ABAQUS, the constitutive equations can be implemented using user-defined
subroutines (e.g., VUMAT). These subroutines allow for the custom implementation
of crystal plasticity models. The user-defined subroutine must be carefully written to
ensure accurate and efficient computation. Take VUMAT as instance, a VUMAT
subroutine in ABAQUS includes the following components, as shown in Fig. 2.11: i.
Initialization: define the initial state variables and material properties; ii. Stress update:
calculate the stress and plastic strain increments based on the constitutive equations;

iii. Hardening laws: Apply the selected hardening laws to update stress and state
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variables.; iv. Output: return the revised stress and state variables to the finite element

solver.

Fig. 2.11 The implementation procedure for CPFEM in ABAQUS/VUMAT [89].

3)  Determination and Input of Material Parameters

The third step involves determining and inputting the material parameters that are
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required for the constitutive equations. These parameters are critical for precisely
characterizing the material's mechanical response and require meticulous calibration

and validation.

Material parameters are typically determined through experimental testing. Common
tests include tensile tests, compression tests, and microhardness measurements. These
tests provide data on the material's yield stress, hardening behaviour, and other
mechanical properties. Material parameters are identified by calibrating the
constitutive model against experimental data. This methodology typically employs
inverse analysis approaches, wherein parameters are iteratively calibrated to reduce
discrepancies between computational outputs and empirical observations. Software
tools like ABAQUS/CAE can be used to perform this parameter identification. For a
crystal plasticity model, the material parameters might include: initial yield stress,
hardening coefficient, slip or twinning system properties, etc. These parameters are
subsequently utilized within constitutive relationships and finite element simulations

to model material behaviour under varied loading states.

2.3.3 Applications of CPFEM in meso/micro-scaled metal-forming

Recent studies using CPFEM have mostly focused on understanding deformation
mechanisms [90, 91], in-grain texture evolution [92, 93], and hardening and fracture
behaviours [94, 95] by conducting simple tests, such as tension [96], compression [97],
torsion [98], bending [99], while its application to understanding deformation
behaviours during meso/micro-scaled metal-forming processes is very limited. This
limitation is partly due to the complexity of forming processes, which involve multiple
deformation stages and intricate interactions between the tooling and the workpiece.
However, recent advancements in computational power and numerical techniques

have enabled researchers to extend the application of CPFEM to more complex
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forming scenarios, providing valuable insights into the deformation mechanisms and

material behaviours.

Table 2.1 Recent examples for direct applications of CPFEM in meso/micro-scaled

metal-forming

Meso/micro-scaled

forming process

Reference

Embossing

Bending

Deep drawing

Forging

Extrusion

Rolling

Upsetting

Ring expansion

Tong et al. [32] Zhang et al. [100]

Adzima et al. [101], Grogan et al. [102], Wang et al.
[103], Singh et al. [104]

Zhang and Dong [105], Guo et al. [29], Zhao et al.
[106], Zhang et al. [107], Zhao et al. [108]

Yang et al. [109], Shao et al. [110]

Caoetal. [111], Feng et al. [112], Lu et al. [113],
Deng et al. [114], Liu et al. [115]

Chen et al. [116], Zhang et al. [117], Jung et al.
[118]

Kardan-Halvaei et al. [30], Zheng et al. [119]
Ozdemir [120]

Table 2.1 list some examples for direct applications of CPFEM in meso/micro-scaled

metal-forming. For detailed modelling methods, Zhang et al. [100] utilized CPFEM to

conduct simulation of a two-stage microforming and studied the grain SEs on forming

load, as shown in Fig. 2.12. Singh et al. [104] comprehensive analyse the

microstructure evolution in V-bending by experiments and CPFEM simulations. Guo

et al. [29] modelled a series of micro deep drawing simulations, and found the earing

effect can be accurately predicted by CPFEM simulations.
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Fig. 2.12 Implements of meso/microforming processes using CPFEM: (a) embossing

[100], (b) bending [104], and (c) deep drawing [29].

Despite some success cases, there are still some serious issues about directly applying
CPFEM in meso/microforming processes. Firstly, compared to the vast number of
studies on simulations for meso/microforming processes, the application of CPFEM
is remarkably sparse. To tackle and improve meso/microforming processes and their
related SEs, simulation stands out as the most practical and efficient method. The
limited use of direct CPFEM applications can be explained by two key reasons: (1)
the exorbitantly high computational costs; and (2) the considerable challenges in
model construction. The high computational costs of CPFEM are a significant barrier
to its widespread use. The detailed representation of the microstructure, including
individual grains and their orientations, requires a fine mesh and complex calculations
at each integration point. This leads to substantial computational demands, especially
for large-scale simulations. Additionally, the iterative solution procedures and the need

for high-resolution meshes further exacerbate the computational burden. The
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complexity of model construction in CPFEM also poses a major challenge. Accurate
representation of the material's microstructure, including grain orientations and initial
texture, requires detailed experimental data or sophisticated computational methods.
Additionally, integrating CPFEM into commercial finite element software typically
relies on user-defined subroutines. This demands strong programming expertise and a

thorough grasp of material behavior as well as numerical techniques.

Secondly, when comparing the scope of CPFEM applications to the literature on
meso/microforming, the number of studies employing CPFEM remains exceedingly
limited. The primary reason for this scarcity is the extremely high difficulty in model
construction. On one hand, as shown in Table 2.1, none of the current applications
involve material fracture and damage. Research on fracture and damage within
CPFEM is still in its infancy, primarily focusing on intragranular and intergranular
damage and fracture. Effective methods for general applications have yet to be
developed. This means that most forming methods involving material fracture, such
as blanking, heading, and progressive forming, cannot currently utilize CPFEM. On
the other hand, the significant element distortion involved in the forming of complex
parts presents another challenge. Whether using implicit or explicit algorithms, both
can lead to numerous convergence issues or substantial reductions in increment time.
These problems further increase the likelihood of CPFEM simulations, which are
already computationally intensive, failing midway through the process. As a result,
significant research opportunities remain for adapting CPFEM, a method well-suited

for meso/micro-scale forming, to real-world applications.

2.4 Summary

This chapter offers a concise overview of the current advancements in meso/micro-
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scale metal-forming processes, emphasizing fundamental concepts, SEs, and CPFEM.

The chapter has been structured to build a solid understanding of the field, identify

critical challenges, and highlight the research gaps focused in this thesis. Through this

review, several key research gaps were identified:

1)

2)

3)

Despite its theoretical capability to resolve grain-scale deformation, CPFEM
remains underutilized for simulating multi-stage meso/micro-forming processes
due to computationally prohibitive costs and challenges in modeling dynamic
grain interactions. This hinders accurate prediction of size effects in progressive
forming operations.

Current CPFEM frameworks lack robust integration of material damage and
fracture mechanisms — particularly for shear-dominated processes like blanking
and cutting within progressive forming systems. Effective methods to simulate
grain-size-dependent fracture initiation and propagation remain underdeveloped.
Existing CPFEM approaches suffer from insufficient coupling with quantitative
experimental data for model validation. The absence of high-resolution
microstructure-deformation correlation limits confidence in predicting real-

world forming behavior and final part quality.
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Chapter 3 Feasibility of CPFEM in meso/micro-scaled

complex shape part forming

3.1 Introduction

As discussed in Chapter 2, numerous studies have provided essential insights and
actionable recommendations for the mass production of diverse meso/micro-scale
sheet-forming processes. These processes include micro sheet bending, micro deep
drawing, and microembossing. In particular, microembossing stands out as an
excellent method for manufacturing sheet components with intricate indentations,
such as ribs, channels, and lettering [121]. Additionally, there are several other product
quality concerns related to SE in microembossing that require further examination.
These involve the influence of grain size (G) and sheet thickness (t) on aspects such
as thickness uniformity, height consistency, and surface quality. Additionally, in earlier
work by Li et al. [122], a two-stage micro deep drawing (MDD) system was introduced,
achieving a forming ratio of 3, compared to 2.1 for single-stage deformation with pure

copper.

This chapter seeks to explore the potential of CPFEM in meso/micro-scale complex
part deformation. To achieve this, a series of CPFEM simulations were performed to
analyse SEs on deformation behaviours in microembossing and MDD, focusing on
load-stroke relationships, thickness variations, and surface roughness. The insights
and conclusions drawn not only validate the applicability of CPFEM but also provide

a foundation for advancing the design of more complex parts and CP models.
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3.2 Crystal plasticity constitutive model

T2 pure copper sheets were selected as the testing material mainly due to their good
plastic-forming performance and corrosion resistance. The constitutive model in the
CPFEM is within the framework proposed by Rice [87] and Hill and Rice [88] that
only crystallographic dislocation slip leads to plastic deformation. Following Eqns.

2.2-2.4, by introducing the Schmid law, LP can be expressed as
LP = $p7%(m ® ng (3.1)

where m§ and n§ are unit vectors defining the slip direction and the normal of the
slip plane of the slip system «, and the quantity y“ is the plastic shearing rate of the

slip system «a. The constitutive functions for the y* is[123]:

a 1/m

= sign(r®) (3.2)

sa

a

YY = Yo

where y, and m are reference strain rate and rate sensitivity, respectively. % and s“
are the resolved shear stress and the slip resistance on the slip system a, respectively.

The crystal work hardening is obtained from s* and s<.

$% = YphF|yF| (3.3)
with

s(a) = qaﬁs(ﬁ) (34)
ha[:’ = qaﬁha’a (a#p) (3.5)

where h%f is hardening moduli and q%*# is latent hardening ratio, indicating the

relationship between slip systems a and S. In this research, the FCC single slip
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hardening model of Peirce et al. [124] is used:

hoy

h,, = h, sech?
aa 0 Ts—To

(3.6)

where hgy, T, and 7, arethe primary hardening modulus, saturation stress, and yield
stress, respectively, identical for all slip systems. y represents the cumulative shear

strain on all slip systems:

y = Yo [yl dt (3.7)

In this CPFEM model, the material parameters of pure copper are listed in Table 3.1.

Table 3.1 Elastic constants and work hardening parameters of pure copper used in

CPFEM simulation.

Elastic constants hy s - Yo m q
S

Cu(GPa) Cin(GPa)  Cuw(GPa) (MPA  (MP) (MPa) (s) (1) ()

168.4 121.4 75.4 180 148 16 0.001 01 1

3.3 Feasibility of CPFEM in microembossing

3.3.1 Material and experimental methods

The copper sheets with the dimension of 100.0 x 12.0 x 0.1/0.2/0.3 mm were used to
fabricate multi-channel structures. Before the forming process, the materials were
annealed in different heat treatment conditions to obtain various grain sizes. The
microstructures with the three related grain sizes for each sheet thickness were

obtained by using an optical microscope, as shown in Fig. 3.1. Three different grain
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sizes are sufficient to reveal the trend of SEs induced issues as the difference of the
grain sizes is quite significant. The grain sizes of three different samples were
measured to get the average grain size by the linear intercept method according to

ASTM E112 standard.

Fig. 3.1 Microstructures of the annealed copper sheets with thicknesses of 100, 200,

and 300 um and the related annealing conditions and average grain sizes.

In this research, multi-channel structures were fabricated to explore the SEs in the

microembossing process. The schematic diagram of the microembossing system and
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relevant dimensions of punches and dies are shown in Fig. 3.2, which consists of three
sets of punches and dies for copper sheets with three thicknesses. The raised and
sunken parts of those punches and dies matched each other, which was the most
notable feature of microembossing. The installation of the microembossing system is
shown in Fig. 3.2 (a), which performed the processing on a programmable MTS testing
machine. All surfaces in the tooling assembly that may come into contact with the
material were controlled to a roughness of Ra 0.8. Moreover, machine oil was applied
in this experiment to lubricate all interfaces to reduce the frictional effect. The forming
speed was 0.005 mm/s. As a result, the influence of strain rate could be ignored. The
punch strokes for the copper sheets with the thickness of 100, 200, and 300 um were
250, 500, and 750 um, respectively. The microformed multi-channel structures and

their designed dimensions are shown in Fig. 3.3.

Fig. 3.2 (a) The microembossing system; (b) the dimensions of punches and dies.
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Fig. 3.3 (a) The designed multi-channel structure and its dimensions; (b) the

microembossed multi-channel structures.

3.3.2 CPFEM modelling

The commercial software ABAQUS/explicit with a modified VUMAT subroutine
based on the UMAT subroutine proposed by Huang [125] was applied for this CPFEM
simulation. The initial grain orientations were randomly distributed. Random Euler
angles are not used in the CPFEM modelling to generate the crystal orientations
because they may lead to an uneven distribution of orientations. Two non-parallel
vectors in the global coordinate system, and two corresponding randomly generated
vectors in the local coordinate system of the cubic crystal, are needed to determine the
orientation of the crystal. The Voronoi algorithm divided the sheet into a certain
number of cells (grains). To simulate the microembossing process, various sheet
models were established with 100, 200, and 300 um thicknesses and different grain

sizes as shown in Fig. 3.1.

Considering the computational efficiency, only a small part of the deformed sheets

was simulated. As illustrated in Fig. 3.4, for example, a 3D meshed part with the
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dimensions of 7.5 (X-axis) x 0.3 (Y-axis) x 0.9 mm (Z-axis) with 248 grains was
established to represent the experimental copper sheet with 300 um thickness and
average grain size of 201.3 um. An area of the same colour represented a single grain
with the same material properties. C3D8 elements were applied to the sheet model.
Specifically, on the x-axis, half of the actual dimensions are included, so restrictions
on the x-axis have been added to the symmetry plane. Based on the actual tooling
design, no holders have been added to the exposed material above or below. In terms
of interaction, uniform face-to-face contact has been set, and the friction coefficient
has been set to 0.12. The simulation settings also followed the same forming process:
the forming speed was 0.005 mm/s and the punches moved upwards after the
compression was finished. Considering the accuracy of simulation results, three
repeated generated models for each group were subjected to the same simulation

environment.

Fig. 3.4 Schematic of the CPFEM simulation setup.
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3.3.3 Results and discussion

3.3.3.1 Size effects on load-stroke relations

The CPFEM-simulated and experimental deformation load and punch stroke
relationships are plotted in Fig. 3.5. To assure data reliability, three repeated
experimental tests average each value. The CPFEM simulation results are multiplied
by the number of times the sheet model is scaled down. The simulation results agree
well with the experimental results. However, the curves of CPFEM simulations all
exhibit a rapid increase after the stroke approaches 90%, which is remarkably
dissimilar to the experimental results. In the microembossing process, the deformation
load increases approximately linearly with the punch stroke, and there is no clear
division of stages. All curves with different sheet thicknesses and grain sizes exhibit
the same tendency: the deformation load reduces as grain size increases, which can be
explained by grain boundary strengthening [126]. Grain boundaries obstruct slip
transmission and cause dislocations to accumulate. As a result, coarse-grained material
with a small grain boundary volume fraction is more deformable. The simulated results
overestimate the deformation load for a 100 um thick copper sheet, while the simulated
and experimental deformation load curves are relatively consistent when deforming

the 300 um and 200 pum copper sheets.

There are two kinds of SEs observed in deformation load and punch stroke
relationships. One is a GSE, leading to the load deviation between simulated and
experimental results for the identical thickness sheets. In 100 um thick copper sheets,
the deviation tends to rise with decreasing grain size, as shown in Fig. 3.5(a). This is
attributed to the fact that as grain size varies, the grains at the corner region are
subjected to varying degrees of force and exhibit harder or softer mechanical

behaviour. The other one is a geometrical SE, referring to the sheet thickness in this
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scenario. Itis observed that the load deviation decreases with the increase of thickness.
Furthermore, the microembossing process with a larger scaling factor has a smaller
deformation load when vertically comparing the deformation curves of the three
thickness copper sheets. One explanation is that the thinner copper sheet is softer and
deforms slightly before applying longitudinal load on the punch. It can also be
explained by the lubricant pocket model [12] that when the workpiece size scales down
to micro scale, there will be fewer lubricant pockets, leading to an increase in the

coefficient of friction and further increasing forming loads.

Fig. 3.5 Comparison of the load-stroke curves (symbols) between CPFEM

simulations, and experiment with sheet thickness of (a) 100, (b) 200, and (c) 300 um.
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3.3.3.2 Size effects on thickness variation

The dimensional accuracy of microformed components is crucial for material design,
process development, and product quality assurance. The microembossing process can
be regarded as a plane strain scenario. Therefore, under longitudinal pressure, the
sheets are supposed to be compressed and become thinner. As the punch moves
downwards, the outer material is dragged into the die cavity and towards the central
axis, while the inner material is pushed downwards. The schematic diagram of the
thickness measuring locations and results of the multi-channel structure with various
thicknesses are depicted in Fig. 3.6. Only the middle channels were selected because
other channels present varying degrees of horizontal asymmetry. As shown in Fig. 3.6
(@), only a half-section of the middle channel needs to be measured due to the

symmetric shape.

As shown in Fig. 3.6 (b-d), the thickness variation distributions in various sheet metals
show similar tendencies that the thickness of the sheet first reduces from location A to
C and then increases from D to F. The thickness reduction is small at points A and F,
which indicates that the material in these locations deforms slightly. However, in zones
BC and CD, the thickness decreases rapidly. It can be seen that the thinnest points are
located at point C, with 17.95%, 22.27%, and 22.15% thickness reduction in 100, 200,
and 300 pum thick copper sheets, respectively. The experimental results show that the
thickness reduction is increased with grain size for the same thickness. The simulated
results, however, do not show a similar tendency. The disparity between simulation
and experiment is increased with grain size, owing to the stronger anisotropy of a
single crystal. When the Schmid factor of the grain is very small under horizontal load,
the thickness reduction of this zone will be minor due to the smaller strain. In addition,

the thickness differences between the thickest and thinnest locations in the final
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microformed parts are approximately 15.08%, 16.40%, and 14.87% in 100, 200, and
300 um copper sheets, respectively, and increase with grain size for the same thickness
sheets. The thickness difference in the CPFEM simulation results, however, is much
smaller, as shown in Fig. 3.6 (b-d). This phenomenon indicates, to some extent, that
CPFEM should be used under limited conditions to obtain more accurate results. For
material with coarse grains, fewer grains are touching the tooling corner. The

anisotropy of individual grain is enhanced, leading to more uneven deformation.

Fig. 3.6 (a) Schematic illustration of thickness measuring locations; comparison of

the thickness distribution with sheet thicknesses of (b) 100, (c) 200, and (d) 300 um.
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3.3.3.3 Size effects on surface quality

The surface quality of microformed products has a considerable impact on the
assembly and use of the part. In particular, when part feature size is scaled down to
micro-level, its surface quality becomes more influenced by grain size due to the
anisotropy of single grains. To investigate the SEs affected surface roughening, the
morphology of the multi-channel structure surface was observed by SEM, and 3D
Laser Scanning Microscope was used to measure the surface roughness. Fig. 3.7 (a)
shows the schematic illustration of the roughness measuring locations. Since the
accumulated strain on the channel bottom surface is minimal and the surface
roughness of the sidewalls is challenging to measure, the channel peak surface on the
top surface and bottom surface are chosen as the measuring locations. The predicted

surface roughness was also calculated by the CPFEM simulation results:

Ro = =37, |h; — Al (3.8)

where h; are the heights of the selected nodes in the surface and h stands for the
average height. As shown in Fig. 3.7 (b-d), the surface roughness is decreased with
grain size, and the value does not show a linear correlation with it. This GSE can also
be observed from the CPFEM simulation results. Some grains tend to deform
horizontally, and others will move along the thickness direction, which results in
surface roughening [127]. As grain size increases, the surface grain is subject to less
restriction, causing severe inhomogeneous deformation of the surface grains and thus
increasing the surface roughness. It can be seen that the error also increases with grain
size for the same reason. This SE can also be explained by the lubricant pocket model.
Lubricant might be trapped in the roughness valleys or squeezed out when the tooling

approaches the lubricated material surface. The so-called open lubrication pocket
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(OLP) is generated when the lubricant is squeezed out. The asperity bears the
deformation stress and is deformed to become flat, resulting in a larger actual contact
area and an increased friction. The so-called close lubricant pocket (CLP) is generated
when the lubricant is caught in the roughness valleys. The lubricant shares a portion
of the deformation load, resulting in a reduction in normal pressure on the asperities.
For the same thickness sheet, larger grain size leads to fewer lubricant pockets, leading
to the increased friction and surface roughening. On the other hand, Fig. 3.7 (b-d)
shows that the top surface is rougher than the bottom surface. The difference is mainly
attributed to strain accumulation. In the microembossing process, the top surface and
bottom surface are under different loading and contacting conditions with tooling,

resulting in unequal strain and further roughness differences.

Fig. 3.7 (a) Schematic illustration of the surface roughness measurement locations;

the surface roughness with sheet thicknesses of (b) 100, (c) 200, and (d) 300 um.
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3.4 Feasibility of CPFEM in two-stage micro deep drawing

3.4.1 CPFEM modelling

A pure copper sheet measuring 200 um in thickness was employed for the two-stage
deep drawing process. The material’s average grain sizes, achieved through different
annealing temperatures, were 25.5, 68.8, and 89.8 um, respectively. Fig. 3.8 (a)
illustrates the tooling designs. For simulating the two-stage micro deep drawing, the
punches and dies for Stage | and Stage Il were arranged as depicted in Fig. 3.8 (b).
During Stage I, the first punch moves downward, and upon reaching the predetermined
stroke, it retracts, allowing the second punch to complete Stage Il. A friction
coefficient of 0.1 was assigned to all potential contact surfaces. To optimize
computational efficiency, only one-eighteenth of the copper blank was modelled, with

cyclic symmetry boundary conditions applied to maintain realism and precision.

Fig. 3.8 (a) Design and dimension of tooling system; (b) simulation setup of the two-

stage micro deep drawing process.

3.4.2 Results and discussion

3.4.2.1 Size effects on load-stroke relations

The cross-sections of the deformed parts following Stages | and Il are shown in Fig.

3.9. It is evident that the profiles of the deep-drawn cups align closely between the
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CPFEM simulations and experimental outcomes. The load-stroke curves derived from
the CPFEM simulations are illustrated in Fig. 3.10. In terms of the overall trend of
those curves, in both are consistent with the previous study in micro deep drawing
[128], exhibiting a general upward and then downward tendency. The impact of grain
size on the differences in the load-stroke relations can also be seen. It is discovered
that the load lowers as grain size rises. This can be explained by two factors. One
reason is that as grain size increases, the proportion of grain boundaries diminishes.
Since grain boundaries act as the main obstacle to dislocation motion, their reduction
enables the material to deform more easily. Another reason is that the proportion of
surface grains that are less constrained increases. Furthermore, in both deformation
stages, the curves from simulation utilizing material with a grain size of 25.5 um

exhibit characteristics that distinguish them from the others.

Fig. 3.9 Formed parts from simulated and experimental results: (a) Stage I and (b)

Stage II.
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Fig. 3.10 Load-stroke curves for different-grained materials and stages: (a) stage |

and (b) stage II.

3.4.2.2 Size effects on thickness variation

Fig. 3.9 also illustrates the schematic of the thickness tracking nodes used for
measurements. The symmetrical half was employed for comparing and analysing
geometric accuracy. As seen in Fig. 3.11, the thickness distribution is non-uniform.
Measurements of the formed part from Stage | (Fig. 3.11 (a)) reveal that, in
experimental results, the thickness first decreases from the bottom to the corner and
then increases toward the wall. However, CPFEM simulations show a faster thickness
increase at the corners. Overall, the cup wall appears thicker in the simulated results.
Additionally, a clear grain SE is observed, with thickness decreasing as grain size
increases. This is because materials with a grain size of 25.5 um have more grains in
the thickness direction compared to coarse-grained materials. Due to grain boundary
strengthening and the growth of inner grains, the material becomes harder to deform
in the thickness direction. This grain SE is also linked to surface roughening, which

will be discussed in the next section.

For the thickness distribution of the final cup depicted in Fig. 3.11 (b), the

experimental and CPFEM simulation results align more closely. A notable thickness
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reduction is observed from the bottom to the corner area. This is primarily because,
during Stage Il, the contact between the punch and the material occurs mainly in the

corner region.

Fig. 3.11 Thickness variation of the formed parts: (a) Stage | and (b) Stage II.

3.4.2.3 Size effects on surface roughness

As shown in Fig. 3.12, the roughness of the cup wall is almost the same for each stage.
For the formed part in Stage |, CPFEM simulations overestimate the surface roughness.
In the final part, the roughness is smaller than that in Stage I. This occurs because, in
Stage II, the entire cup wall undergoes an ironing process, resulting in a smoother
surface. Furthermore, the simulation accurately predicts the surface roughness of the

final cup. However, the overall error in each dataset remains relatively high.
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Fig. 3.12 Roughness at the wall of the formed parts.

3.5 Summary

To assess the feasibility of CPFEM in meso/microformed complex-shaped parts, this
chapter examined the impact of thickness and grain size on load-stroke relationships,
dimensional accuracy, and surface roughness in products produced through
microembossing and two-stage deep drawing processes. The following conclusions

can be drawn from this study:

1) In the microembossing process, deformation stress rises nearly linearly with
punch stroke. As sheet thickness and grain size increase, CPFEM simulations
more accurately predict the load-stroke relationship. With larger grain sizes,
thickness reduction becomes more pronounced in sheets of the same thickness.
The thinnest area is located at the edge of the corner zone, and CPFEM
simulations tend to underestimate the extent of thickness reduction and variation.
Surface roughness and its variability increase with grain size for sheets of the
same thickness, a trend also confirmed by CPFEM simulations.

2) In the two-stage deep drawing process, the deformation load initially rises and
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3)

then declines with the punch stroke in both stages. The load decreases as grain
size increases. The thinnest area is also found in the corner zone. This CPFEM
model effectively predicts the thickness distribution of the microformed cup.
After Stage Il, the surface quality of the part improves, and the accuracy of
CPFEM in predicting surface roughness is acceptable.

However, some limitations were also found when using CPFEM to study size
effect issues. First, the study used randomly generated initial microstructures,
and it remains to be seen whether this accurately reflects actual processing
conditions. Second, although the size effect was accurately predicted in terms of
part size, there were still some numerical errors. Last, in both processes, only
the elastic and plastic deformation of the sheet material is considered, excluding

material fracture, which is also common in mass productions.
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Chapter 4 Exploration of Size Effects in Complex
Progressive Microforming by Using CPFEM: Integration of
Meso/Micro-scaled System, CPFEM Framework, and

Interplay Analysis

4.1 Introduction

As reviewed in Chapter 2 and Chapter 3, the feasibility of CPFEM in
meso/microforming simulation has been validated. However, all the forming processes
mentioned in these literatures are “simple” forming, which means there is no material
fracture occurring. At present, it is still a difficult problem to accurately embed
material fracture models into the CPFEM framework, let alone for complex part

forming issues.

To develop an integrated meso/micro-scaled progressive forming system combining
product design, process analysis, and CPFEM simulation, and utilize it to investigate
the interplay between scale-dependent deformation behavior, size effect mechanisms,
and final part quality (e.g., dimensional accuracy, surface integrity, mechanical
properties) across diverse product geometries. In this chapter, a more complex forming
method, progressive forming, is selected to apply CPFEM simulation involving
fracture to validate the superiority and feasibility of this method in meso/microforming.
Progressive microforming, as the term suggests, involves the production of micro-
scaled components with intricate shapes directly from metal sheets, achieved through
a succession of processing steps. This method offers several advantages, such as

overcoming the difficulties of positioning, transportation, and ejection, as well as
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simplifying tooling design, by conducting multiple steps simultaneously, thereby
saving a considerable amount of time. To reliably anticipate SE and thus improve the
precision of progressive microforming and the manufacturing quality of micro parts,
it is imperative to develop an efficient simulation framework for progressive
microforming, which would enable the prediction and simulation stage to be precise,
defect-free, and stable. The examination of SEs has encompassed a wide range of
parameters, including loading conditions, dimensional accuracy, geometry irregularity,
and surface quality, and has been conducted using both experimental and simulated
methods. In recent years, the utilization of CPFE-based methods to analyse material
fracture has become a prevalent practice. A fracture model that does not rely on the
element deletion method enters the view of researchers, namely, the cohesive zone
model (CZM). In finite element analysis, CZM refers to the insertion of cohesive
elements with or without thickness between the desired material elements, allowing
for the separation of elements to occur without affecting the overall material volume
when the cohesive elements are deleted [129]. The present research endeavours to
employ a newly devised CPFE-CZM method to simulate the intricate deformation
behaviour caused by SEs in the context of progressive microforming. As a case study,
a hexagonal socket component frequently utilized in electronic devices was selected,
and a progressive microforming system comprising three operations of two-step
extrusion and blanking using CuzZn32 sheets were developed. The deviations in
product quality and mechanical responses caused by SEs were analysed by comparing
results from FEM simulations, CPFE-CZM simulations, and experiments. This
comparison included strain patterns, load-stroke curves, dimensional accuracy,
geometric imperfections, surface defects, and surface roughness. This work not only
provides a more accurate and effective simulation method for all progressive forming

processes but also will be the basis for more complex CP-based models and processing
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methods in the next research work.

4.2 Material and experimental methodology

4.2.1 Testing materials and uniaxial tensile test

To thoroughly investigate the grain SEs, the brass sheet material with a thickness of
1000 um was subjected to a range of heat treatments with varying conditions,
including 450°C-1h, 600°C-1h, and 700°C-2h. Microstructural observations were
made through both optical microscopy and electron backscatter diffraction (EBSD),
as depicted in Fig. 4.1. The composition of the brass CuZn32 sheet is shown in Table
4.1. The samples were cut, polished, and then etched for 8-10s, while those intended
for EBSD examination underwent electrolytic polishing. The acquisition and analysis
of images were executed using the HKL 5-channel software package in conjunction
with the EBSD system, with step size parameters of 1 um and 2.5 um, respectively.
Data from the EBSD tests were utilized in the crystal plasticity model as described in
Section 4.3, enabling a more accurate determination of average grain sizes for
modelling and constitutive model calibration purposes. In this study, CuZn32 sheets
with varying average grain sizes of 17.5 um (fine grain - FG), 62.1 um (medium grain
- MG), and 157.7 um (coarse grain - CG) were utilized in both uniaxial tensile tests
and the progressive microforming process. The pole figures of the sheets for various
grain sizes with a reference direction norm to the RD-ND section are illustrated in Fig.

4.2 (a).

Quasi-static uniaxial tensile tests were conducted along RD using a programmable
MTS testing machine and an extensometer, and sample dimensions are illustrated in
Fig. 4.2 (b). The tests were performed at a strain rate of 0.001 s-1 at room temperature

to determine the correlation between grain size and the mechanical response of the
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specimens. The engineering stress and strain data can be directly obtained from the
software linked with the MTS and extensometer, which would be transferred to true
stress and strain data. The test setup and sample configurations followed ASTM:
E8/E8M standards and three samples were prepared for each grain size. The average
true stress-strain response of the three samples was used to represent their macroscopic
constitutive relationships. The goal of these experiments was to provide material
information that could be integrated into both the conventional FEM framework and

the CPFEM framework.

Table 4.1 Chemical composition of the as-received CuZn32 sample.

Content (mass fraction, %)

Cu Fe Sb Bi P Pb Zn

67.50 0.1 0.005 0.002 0.01 0.03 Bal.
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Fig. 4.1 The metallographic images and EBSD grain orientation mappings of the
CuZn32 sheets under heat treatment conditions of 450°C-1h, 600°C-1h, and 700°C-
2h. The average grain sizes were calculated from the EBSD results as 17.5 um, 62.1

um, and 157.7 um, respectively.
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Fig. 4.2 (a) Pole figures of CuzZn32 for different initial grain sizes with a reference
direction norm to RD-ND section and (b) specimen design for the uniaxial tensile

tests.

4.2.2 Progressive microforming process

Through progressive microforming, the study fabricated a hexagonal socket part as
shown in Fig. 4.3 (c). Such socket parts with similar geometric configurations are
typically produced using turning or extrusion processes. However, progressive
forming has high efficiency and capacity to produce high-quality products. The tooling
system utilized in the study, as illustrated in Fig. 4.3 (a), consists of a platform, a blank
holder, a die holder, a bottom plate, and three sets of punch and die, all made of Cr12
cold-work die steel. During the microforming process, an 80 mm x 20 mm X 1 mm
brass sheet was fed through the system from left to right. processing by 20 mm per
step. Following two forward extrusion steps and a blanking step, the final product was

deposited onto the bottom plate. Step | of the microforming process employed a punch
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with a 1 mm radius to affect a 0.6 mm movement along the thickness direction. The
material was extruded into a 0.5 mm radius tunnel with a 0.2 mm-45° chamfer. If a
columnar material is employed, the extrusion ratio at this stage would reach 2. In Step
I1, a hexagon socket with 0.25 mm thickness and 0.8 mm diagonal distance was formed
via forward extrusion at the top of the material. Finally, in Step 111, a punch with a 0.8
mm radius was used to completely cut the part. A uniform slow punch speed of 0.005
mm/s was employed to eliminate the impact of strain rate in all three steps. All surfaces
in the tooling assembly that may come into contact with the material were controlled
to a roughness of Ra 0.8. Mechanical oil was used as a lubricant on each interface to

reduce friction. The resulting microparts are shown in Fig. 4.3 (d).

Fig. 4.3 The developed progressive microforming setup and the designed and

fabricated hexagonal socket part. (a) The progressive microforming system consists
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of an outer platform, blank and die holders, and three sets of punches and dies. (b)
Schematic diagram of the processing in the three steps, including two extrusions and
one blanking. (c) The design dimensions of the hexagonal socket part. (d) The final

fabricated hexagonal socket part made by CuzZn32.

4.3 Constitutive relations and modelling details
4.3.1 Crystal plasticity constitutive model

The total deformation gradient F, imparted upon a crystalline material by means of
crystal slip and twinning, can be decomposed into two constituent parts: the plastic
deformation gradient FP (from slip and deformation twinning) and the elastic
deformation gradient F¢ (from the reversible stretching and rotation of the crystal

lattice):
F = F¢-FP = F¢ . Ftwin . Fstip, (4.1)

The velocity gradient tensor L can be composed of the elastic deformation velocity

gradient tensor L° and the plastic deformation velocity gradient tensor LP as:

L=F-F1= fe.Fe-14 Fe.fp .Fp-1.fFe-1 e 4 [P (4.2)
P = (1 - f™) INy*(m* ® n®) + 38" y#(mP ® nP). (4.3)

Here LP iscontributed by 12 {111} <110> slip systems and 12 {111} <112> twinning
systems [130]. y* and y# denote the shearing rate on the at® slip system and Bt
twinning system. f® =Y f# is the volume fraction of all twinning systems, which
can be calculated by f™ =Y fB = ¥ yB /y™. Inthis equation, ¥# is the calculated
shear strain in the B twinning system, and y!" is the reference total twinning

shear strain. In FCC materials, y* =0.707 [131]. N and N are the numbers of
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slip and twinning systems, taking the value of 12. m ® n is the Schmid factor.

According to the assumption of Kalidindi [130], only the effects between twinning
and slip systems were considered in the working hardening model. The internal effects
between different slip systems and twin systems were neglected. The following

equations were used for the description of the shear rate:

a 1/m
ve = y§ pr sign(t%), (4.4)
1/m
B ﬂ tw
]'/[7’ — Yo gF <08, (4.5)
0 fw =08ortf <.

Here, y§ and )'/Oﬁ are reference strain rates of slip and twinning. t® and # are the
corresponding resolved shear stresses. g% and g# are the critical resolved shear
stress (CRSS) to resist slip and twinning evolution. m is the rate-sensitivity factor.
The upper limit on the total volume fraction of twins is selected as 0.8 [130]. The

evolution of g* and g# can be formulated as:

g = g (1-%) 27", (4.6)
h§ = hg[1 + a(f™)"], (4.7)
g = go + Gpr (™), (4.8)
g* =ng*®. (4.9)

Here, hY is the hardening rate and g< is the saturated slip resistance. Following the
work of Salem et al. [132] and Kalidindi [133], the effects of twinning on slip can be
characterized as the effects of the total volume fraction of twinning systems on h%

and g% of the a'" slip system. a, b, and n are material constants. g, is the
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saturated slip resistance in the absence of twinning and g, describes the

contribution of the Hall-Petch effect.
4.3.2 Cohesive zone model

The constitutive relations governing the behaviour of the CZM in finite element
analysis are described through the utilization of a Traction Separation Law (TSL). The
TSL posits a dependence of the traction force on both the normal and tangential
displacements. Characterization of the CZM requires consideration of three
fundamental features: material stiffness, damage initiation criterion, and damage
evolution law [134]. The bi-linear TSL depicted in Fig. 4.4 encompasses both the
elastic and damage stages. Initially, traction strength linearly builds up as separation
increases. Once it reaches the peak t,, damages start to occur. Further separation
promotes damage accumulation due to material softening. A complete material
fracture occurs once the separation strength reduces to zero. The corresponding critical
separation is &;. In this study, the maximum nominal stress criterion (MAXS) was

chosen as the damage initiation criterion according to:

=1. (4.10)

th tS tt}

max {— -, T
e es ek

Here tf, t5,and t§ are the maximum stresses in the normal direction, the first shear
direction, and the second shear direction, respectively. The energy-based damage

evolution law was used by defining the damage energy G..
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Fig. 4.4 Typical bi-linear traction-separation response used in CZM, involving two
stages: the elastic deformation stage and the damage stage. The critical damage
energy indicating the complete failure of the cohesive element could be identified as

the area under the curve.
4.3.3 Numerical implementation and model calibration

The flowchart illustrating the sequence of algorithms employed in the new method
within one single time step is presented in Fig. 4.5. The procedure starts with the
calculation of the crystal plasticity component, including slip and twinning. Then, the
updated stress, strain, and other variables were transferred to the calculation flow of
CZM. This calculation serves as a basis for determining whether partial or complete
fracture occurs during the deformation process. The whole algorithm was written in a

VUMAT subroutine used for the ABAQUS/Explicit environment.
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Fig. 4.5 The algorithm flow chart of the CPFEM and CZM method. The first stage
represents the CPFEM part, involving the updates of stress and strain for various slip
and twinning systems. The results are passed to the CZM stage to calculate the

mechanical behaviour of the cohesive element and determine whether it would fail.

For the CPFEM parameters, the elastic parameters were obtained based on the work

of Jia et al. [135] and Chiarodo et al. [136]. Kalilindi [133] provided the reference
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values of y§, ]'/OB, gf (the initial twinning resistance), a, and b in Eqgns. (4-7). The

initial slip resistance g§ was calculated based on Li et al. [137]:

1 K
9% = 5 (0, + 5 (4.12)

Here, the Taylor factor M = 3.06, and yield stress o, = 111,72,55 MPa when the
average grain size is 17.5 ym, 62.1 um, and 157.7 um, respectively. K = 304 MPa -
um?/2 represents the Hall-Petch coefficient. Other constitutive parameters were
calibrated based on the residuals of the computed values and tensile test results. All

parameters used for the CPFEM in this research are listed in Table 4.2.

Table 4.2 Elastic constants and hardening parameters of CuZn32 used in the

CPFEM.
Ci1 (GPa)  Cip (GPa)  Cyy (GPa) 76 () ye(sh) m
145 110 70 0.001 0.001 0.02
gg (MPa) 9pr (MPa) a b n
60 350 5 10 1.25
d (um) g% (MPa) g, (MPa) kg (MPa)
17.5 60 400 200
62.1 36 375 190
157.7 26 360 175

Key parameters t; and G2 in CZM were determined based on the research of Wang

et al. [138] and Cai et al. [131]:

ty = 1.3507, and (4.12)
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Gn = @ (4.13)

Here, o¢, K., v,and E are the fracture stress, stress intensity factor, Poisson’s ratio
and Young’s modulus. The Poisson’s ratio v = 0.34, and Young’s modulus E =
110 GPa [139], and Kumar and Misra [140] gave the specific stress intensity factor
of CuzZn32 as K. = 80 MPa - m~1. The damage shear stresses can be calculated via
ts = t§ = ty/2(1 + v). All parameters used for the CZM in this research are listed in
Table 4.3.

Table 4.3 Parameters used in CZM for various grain sizes.

GZ (MPa-mm) G& (MPa-mm) G& (MPa-mm)

51 138 138
d (um) td (MPa) ts (MPa) tf (MPa)
17.5 741 277 277
62.1 621 232 232
157.7 513 191 191

4.3.4 Modelling of uniaxial tensile test and progressive microforming process

The study utilized a series of polycrystalline RVEs and implemented them in uniaxial
tension simulations using the commercial software ABAQUS. The RVEs were divided
into the cell aggregates via the Voronoi tessellation method, as illustrated in Fig. 4.6.
To reduce the computational time, only RVEs of the specimen gauge section used in
the uniaxial tensile tests were modelled. Since the initial shapes of the grains were
regenerated, the grain orientation mapping of the corresponding grains was used in
this research. In such a way, the relative positions of the grains corresponding to the

grain orientations were fixed, i.e. the grain orientations of the neighbouring grains
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were determined according to the actual textures to ensure their compatibility.
Furthermore, the grain sizes were averaged as the same as the mean sizes of
corresponding samples. The RVEs were modelled with C3D8 bulk elements, and the

periodic boundary conditions were applied to ensure accuracy and reliability.

Fig. 4.6 Illustration of RVEs for various grain sizes and applied periodic boundary
conditions. The RVEs were built to show the same surface as the EBSD samples
with a reference direction norm to the RD-ND section. The RVE and periodic
boundary condition method can reduce the computational cost without

compromising the accuracy.

The progressive microforming process was modelled using both CPFEM and
conventional FEM, as shown in Fig. 4.7. The simulations were performed step by step.
As Step I is finished, the 1st punch will move away and the 2nd punch will move to
the designated location to start Step II. The conventional FEM simulations were

conducted in Deform-3D software. Considering the computational efficiency, only a
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quarter of the deformed sheet was simulated under symmetric boundary conditions.
As illustrated in Fig. 4.7 (b), conventional FEM does not account for microstructure
details of the CuzZn32 sheet. Its constitutive relationship is directly obtained from

uniaxial tensile testing.

Fig. 4.7 Modelling of the progressive microforming process using (a) CPFEM and

(b) conventional FEM. The simulations were conducted step by step.

For the CPFEM approach, ABAQUS software was utilized as the simulation platform.
The sheet was modelled by a combination of different zones and different
simplification ratios for various grain sizes. For example, the inner region of the sheet
that is in direct contact with the punches and dies has a dimension of 1 mm in both
radius and thickness, which was set as the crystal plasticity zone for 201 grains for the
CG sample as shown in Fig. 4.7 (a). The detailed models of the inner regions of the
brass sheet are illustrated in Fig. 4.8. The models of the inner regions with the grain
size of 17.5 um, 62.1 um, and 157.7 um were simplified into 1/360, 10/360, 90/360
based on their symmetry planes with 1650, 370, and 201 grains, respectively. CPFEM
was applied to the inner region while the rest of the CuzZn32 sheet followed the
isotropic stress-strain relationship obtained from the uniaxial tensile tests. Constitutive

behaviour in this region was defined using the CPFEM in Section 4.3.1, and the actual
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texture was assigned to the materials. The models were first divided into different
grains by using the Voronoi tessellation approach. Since the textures obtained by
EBSD were measured in 2D, the surface grains of the RVEs were assigned with the
initial grain orientation according to the same mapping method to ensure compatibility;
the internal grains were then individually assigned with the grain orientations
according to the layering. The experimental and simulation misorientation distribution
functions (MODF) are given in Fig. 4.8. The consistency of the EBSD formation and
the simulation modelling information demonstrates the feasibility of this modelling

approach and the reliability of the subsequent simulation results.

It is worth noting that in the CPFEM simulation, the distribution of the cohesive
elements was set as full-field. In this study, cohesive zones were established between
every element within the RVEs by considering both intergranular and transgranular
fractures. C3D8 and COH3D8 were assigned for the bulk elements and cohesive
elements, respectively. The shear friction model (f, = up) with a friction coefficient
of 0.12 on the lubricated tooling-workpiece interface was employed for both FEM and

CPFEM simulations.
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Fig. 4.8 Models for the progressive microforming CPFEM simulation with
information of average gran sizes, grain number involved, and simplification ratio
and experimental and simulation misorientation distribution functions (MODFs) in

the models. The consistency of the MODFs in the EBSD and the simulation
modelling information demonstrates the feasibility of this modelling approach and

the reliability of the subsequent simulation results.

4.4 Results and discussion
4.4.1 Size effect in tensile test simulation

As depicted in Fig. 4.9 (a), the experimental results indicate that specimens with
coarser grain correspond to a lower true stress response and therefore lead to lower

initial yield stress due to the reduced grain boundary strengthening effect. Moreover,
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the coarser-grained specimens were found to be more brittle as the fracture strain
decreased with increasing grain size. In CuzZn32 microstructure, deformation twinning
plays a crucial role, as it is a typical FCC metallic material with low stacking fault
energy [141]. In the initial stages of deformation, specimens with finer grains exhibit
a higher strain hardening rate due to the severe impediment of dislocation movement
at the grain boundaries. This trend does not hold when the truss stress goes beyond a
threshold. As indicated in Fig. 4.9 (b), the CG specimen starts to exhibit a higher work
hardening rate than the MG one when the true stress is beyond 300 MPa. Deformation
twinning generates an additional hardening mechanism. The correlation between work
hardening and twinning can be ascribed to three factors: (1) twinning activates the
grain splitting, reduces the effective distance of dislocation slip, and facilities strain
hardening by the Hall-Petch effect; (2) twinning changes the lattice orientation; and
(3) twin region in a less strained matrix is harder than the adjacent non-twin region
within a grain according to the Baczynski hardening mechanism [142]. Fig. 4.10
compares the true stress-strain curves for various grain sizes. A close match of
simulation and experiment results was found for samples with real textures.
Simulation results for the samples with random textures, which are represented by the
shaded areas, tend to exhibit a larger scatter with increasing grain size. This indicates
that the CPFEM can provide a good prediction of the strain-hardening behaviour in
Cuzn32 when the real textures are considered. Therefore, only the actual textures were

utilized to model progressive microforming simulation.
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Fig. 4.9 Comparison of experimental true stress-strain curves and work hardening

curves with various grain sizes.

Fig. 4.10 Comparison of the simulated and experimental true stress-strain curves for
(@) FG, (b) MG, and (c) CG samples. The grey areas are obtained by simulations
with randomly generated textures. On the one hand, the consistency of the

experimental and simulation results validates the CPFEM model and the
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corresponding parameters; on the other hand, the uncertainty of the results due to the

random initial textures proves the necessity of the real texture in the modelling.

The deformed microstructure and the distribution of von Mises stress resulting from
the tensile test simulation are depicted in Fig. 4.11. The analysis revealed several key
insights. Firstly, the Hall-Petch relations at the micro-scale hold, as evidenced by the
reduction in stress as grain size increases. Upon examination of the experimental
results at 0.4 strain (Fig. 4.9 (a)), the simulation and experimental results demonstrate
a fracture stress ratio of approximately 1.45:1.18:1 and 1.43:1.28:1 for the three
different grain sizes, respectively. This close agreement between the simulation and
experimental data supports the accuracy of the proposed CPFEM approach and the
corresponding parameters. Secondly, certain grains experience significantly greater
deformation than others. It is found that grains experiencing higher average stress and
strain tend to undergo deformation along the tensile direction and exhibit greater
misorientations in relation to the surrounding grains. Lastly, stress concentration
occurs more frequently around the grain boundaries of highly deformed grains due to
the blocking effect of grain boundaries on dislocation motion and the consequent
promotion of twin nucleation and growth in brass materials. The highest stresses are
typically concentrated near grain boundaries oriented parallel to the direction of

deformation.
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Fig. 4.11 The deformed results (strain at 0.4) of RVESs under uniaxial tension. The
RVEs are modelled with actual textures for FG, MG, and CG samples, respectively.

The von Mises stress mappings for each grain size are listed to show the differences.
4.4.2 Size effect on load-stroke relation

In this forming process, effective load control not only ensures product quality but also
increases the longevity and cost-efficiency of the associated tooling system [143].
Especially, the maximum value of the load will have an impact on the choice of
pressure equipment, holding time, and tooling materials in mass production [144, 145].
During microforming, correlations between load and stroke in hexagon socket parts
with various grain sizes in the three steps are illustrated in Fig. 4.12 (a-c). In this work,
the average results of three sets of repeated experiments were utilized for the load-
stroke relations. Since only a part of the material was simulated, the load results of the

CPFEM simulation were multiplied by the scale of the model simplification.
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Fig. 4.12 Comparison of the load-stroke curves between CPFEM simulations and

experiments with various grain sizes in (a) Step I, (b) Step II, and (c) Step III.

It can be observed from Fig. 4.12 (a) that the load in Step I is significantly greater
compared to the subsequent two steps, with a difference in maximum value as much
as a dozen-fold. During Step I, which involves the first forward extrusion process, the
experimental results demonstrate an essentially linear increase in load with a
maximum value of approximately 11,000-13,000 N. In contrast, the simulation results
show slow growth and then a sharp increase only during the final 0.3 mm or 0.15 mm
stage as shown in Fig. 4.12 (a). During Step II, as the forming process continues, the
load is initially raised to 500 N and then maintained within this range for strokes
ranging from 0.06-0.15 mm. Subsequently, the load increases linearly to a range of
2,100-2,300 N. For the simulation results, a steep increase occurs in the last 0.02 mm

stroke, while the maximum load is below 2,000 N. Step III necessitates the full
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extraction of the part from the die tunnel, resulting in a much greater stroke compared
to the first two steps according to Fig. 4.3 (b). During Step III, specifically within the
stroke range of 0.4-0.9 mm, only sliding friction between the punch and the shear-
finished sheet material occurs. As a result, the load experiences fluctuations limited to
the tens of Newton. Therefore, an effective stroke from 0 to 0.4 mm is enough for the
analysis. As shown in Fig. 4.12 (c), the load first rises in step Il and then experiences
a slow increase and decrease during the continuous blanking process. After the cutting
process is completed, the load abruptly drops to approximately 200 N, mainly
generated by longitudinal sliding friction during the insertion of the part into the die
tunnel. The maximum limit value for load in this progressive microforming system is
15,396 N, which is the sum of the individual maximum load values for each stage:
12,907 N from Step I, 2,269 N from Step I, and 220 N from Step Ill. The CPFEM
yields a similar prediction of (13317+1828+355=) 15,500 N. This suggests that the

new method can accurately predict the load limit.

The load-stroke curves exhibit various grain SEs. Firstly, the experimental results
demonstrate that samples with smaller grains exhibit higher applied loads for the same
stroke in every step. This trend is consistent with the conclusions in Section 4.4.1 as
smaller grain size leads to increased stress. Secondly, the load for the FG sample shows
an earlier steep increase compared to other grain sizes in Step I (forward extrusion),
indicating a delayed occurrence of fracture. In 1972, Phillips and Armstrong [146]
found that the fracture strain in brass materials (CuzZn30) linearly decreased with
d~1/2, Nonetheless, this SE is much more pronounced in the simulation than in the
experiment. Besides the steep rise, there are no significant differences in load between
the other two larger grain sizes. Similarly, Zheng et al. [22] reported the load-stroke
curves in CuzZn35 flat pogo pins with larger initial grain sizes (71 and 107 pm) were

the same compared to smaller grain sizes. This indicates that there exists a threshold
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grain size beyond which the load-stroke response is not affected by the extrusion
operation. Thirdly, at the initial stage of the experiment, the load for coarse-grained
material tends to be greater but is quickly surpassed by that of fine-grained material
when the stroke is less than 0.15 mm and 0.1 mm for Step I and I11, respectively. This
can be attributed to the difference in yield strain among different grain sizes.
According to Li et al. [147], who synthesized the grain SE on yield strain for brass
Cuzn30 material, there is an increase in yield strain from approximately 1.95x10-3 to
2.2x10-3 when the grain size decreases from CG to FG. While fine-grained material
is still undergoing elastic deformation, coarse-grained material has already entered

into the plastic stage for the same stroke.
4.4.3 Size effect on product quality and deformation behaviours
4.4.3.1 Size effects on microstructure and texture evolution

Given that the microstructure evolution is closely linked to dimensional accuracy and
the formation of undesirable and asymmetric geometries [148], understanding the
material flow behaviour in the progressive microforming process is crucial for
optimizing the process and enhancing product quality [149]. Fig. 4.13 showcases the
strain maps, texture changes, and microstructure of the cross-sections, highlighting the
typical inferior geometry observed in the microformed parts with different initial grain

sizes. It should be noted that the effective strain &,, in the conventional FEM can be

eq
directly extracted from software, while the effective strain &, in the CPFEM

simulation needs to be calculated following the equation [150]:
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Fig. 4.13 Comparison of the experimental, CPFEM, and FEM simulated effective
strain maps, texture, and microstructure changes of the cross-sections of the formed
parts for FG, MG, and CG samples, respectively. The effective strain mapping based
on the CPFEM simulation results is calculated using Eqn. 4.14. The metallographic

images of the cross-section of the parts indicate the important material flow

behaviour and microstructure evolution.

The microstructural examination of the cross-sections of the resulting component
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reveals the presence of two prominent shear bands in which the material has undergone
pronounced plastic deformation and flow, as shown in Fig. 4.13. Shear band I, which
covers most of the head feature, was formed during the extrusion process in Step | and
then continues to develop in Step 1. This shear band also governs the material flow in
the upper portion of the body. A gradual increase in the material flow line density
becomes apparent when observing from the middle region of the head downwards.
Shear band 11, which was generated during the second operation, exhibits a higher
flow line density in comparison to Shear band I. Shear band 11 appears as a series of
lines of tens of micrometres, linking the bottom corner of the hexagonal socket feature
to the junction between the shoulder and body portions. Regions with intense material
flow, such as the shear bands, are more accurately predicted via the strain maps in
CPFEM simulations than the conventional FEM. Elevated strain accumulations were
observed in these regions, as illustrated in Fig. 4.13. However, the conventional FEM
fails to maintain the continuity of strain distribution, resulting in a disjointed and
unrealistic strain pattern. In addition to the aforementioned shear band regions, three
dead metal zones were identified, located at the summit of both head regions, as well

as the middle and lower portions of the body feature.

Dead metal zones are characterized by a lack of material flow, with these three dead
metal zones demarcated based on the extent of grain deformation, flow lines, and
comparatively lower levels of strain accumulation as illustrated in Fig. 4.13. A
comparison of the microstructures and flow patterns of the manufactured product with
varying initial grain sizes reveals that the area occupied by shear bands decreases as
the grain size increases, which contradicts the findings of Zheng et al. [22]. These
shear bands and dead metal zones can also be roughly inferred from the texture of the
CPFEM simulation results. The grains located in the shear band region underwent a

large deformation, whereas the grains in the dead metal zones maintained their original
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shape. It should be noted that the CPFEM simulation did not accurately capture two
areas of material damage, namely the crack in the middle of the top and the ring-
shaped necking at the junction of the shoulder and body. This demonstrates the

limitations of this method.

Fig. 4.14 Comparison of the experimental and CPFEM simulation orientation
distribution functions, pole figures, and misorientation distribution functions of the

FG sample.

To further validate the reliability of this CPFEM simulation, the comparisons of the
experimental and CPFEM simulation orientation distribution functions (ODF), pole
figures (PF), and MODF are given in Figs. 4.14-4.16 for FG, MG, and CG samples,
respectively. Combining the ODFs and the PFs, the relative consistency of the
orientation distributions in the experimental and simulation results can be observed

and is particularly evident for FG and MG samples. However, the crystal orientations
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show higher degree of concentration in the simulations. The difference is because the
number of grains involved in the simulation is less than that in the experiment. The
overall changes in the textures were very dramatic because of the complexity of the
process when comparing the initial texture (Fig. 4.2) and the deformed texture (Figs.
4.14-4.16). After two extrusion and one blanking operations, the preference for
anisotropic texture can be observed for the FG and MG cases, as shown in Fig. 4.14
and Fig. 4.15, which is very similar to the compressed a-brass texture [130]. In contrast,
the CG sample shows a more isotropic texture, in which the maximum density reaches
9.87 and the maximum values for FG and MG samples are only 5.62 and 6.05 in the
PFs. This indicates that the grain size plays an important role in the texture evolution.
In the head and body of the product, the interactions among grains during deformation,
particularly between surface and internal grains, are minimal with the presence of
coarse grains. Considering the dead metal zones in the middle of the body feature, for
instance; the grains in this zone experienced minimal deformation but exhibited
pronounced rotating. For the CG material, the tilting of these grains is more diversified,
whereas for the FG and MG materials, the deformation tends to follow a specific

pattern.
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Fig. 4.15 Comparison of the experimental and CPFEM simulation orientation
distribution functions, pole figures, and misorientation distribution functions of the

MG sample.

In addition, there is a partial agreement and variability between the resulted
experimental and simulation MODFs. Comparing the initial and resultant MODFs
(Fig. 4.8 and Figs. 4.14-4.16), the proportion of misorientations around 60 degrees is
greatly reduced, while the fraction of low-angle grain boundaries (LAGBs) grows
dramatically. The increase in LAGBs is very common during compression [151].
However, the ratio of LAGBs in the simulation results is not as high as in the
experimental results because a large amount of grain fragmentation and sub-grain
boundaries were produced in physical experiments. In summary, the reliability and
validity of this CPFEM simulation method can be verified by comparing and analyzing

the ODFs, PFs, and MODFs in the experimental and simulation results.
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Fig. 4.16 Comparison of the experimental and CPFEM simulation orientation
distribution functions, pole figures, and misorientation distribution functions of the

CG sample.

4.4.3.2 Size effects on dimensional accuracy

The material anisotropy arising from the microstructure and texture leads to
inhomogeneous deformation, which becomes increasingly pronounced with the grain
size [152]. To determine and compare the SEs on dimensional accuracy, the height and
diameter distributions of key features of the hexagonal socket part were examined, as
depicted in Fig. 4.17. The part was divided into head, shoulder, body, and rollover
features from top to bottom (Fig. 4.17 (a)). Firstly, the heights of each feature were
collected from the SEM results and cross-section images, as shown in Fig. 4.17 (b).
Based on the data, two grain SEs can be summarized: (a) the scatter of every feature

height increases with grain size; (b) except for rollover, the heights of all features
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decrease with the increasing grain size. These observations are consistent with the
conclusions of prior research by Tang et al. [23]. Based on the microstructure and
texture evolution shown in Figs. 4.13-4.16, the grain orientations gradually
concentrate to several specific directions according to the pole figures. For the finer-
grained and medium-grained materials, the concentration of crystal orientations is
higher, resulting in more radial material flow and higher heights of the product. The
design dimension for the total height of the part was set as 1.7 mm. During testing, the
actual measurement error was found to be + 0.02 mm, which falls within the
acceptable limit. Secondly, the head and body diameters were evaluated
experimentally and showed different levels of scattering (Fig. 4.17 (c-d)). The
locations of each measuring points can be seen in Fig. 4.17(a). The head diameter
distribution displayed a gradual rising trend from top to bottom. The measured error
was found to be substantial when compared to the design dimension of 1.6 mm due to
irregular material fracture in the upper region. Thirdly, the body diameter showed an
initial increase followed by a gradual decrease with a slight increase at the junction
with the rollover feature. The design dimension for the body diameter is 1 mm, and
the results are deemed acceptable only for the FG case since the dimension differences
reach 4% and 8% for MG and CG samples, respectively. The abrupt change in
diameter at the topmost measuring point is a consequence of necking that occurs

during the second step of the process.
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Fig. 4.17 (a) The SEM image of the fabricated part indicates several features: head,
shoulder, body, and rollover. (b) The average values and errors of the heights of
these features for each grain size. (c) The head diameter measurements from top to
bottom with the design dimension of 1600 um for each grain size. (d) The body
diameter measurements from top to bottom with the design dimension of 1000 um

for each grain size.

Fig. 4.18 provides a comparative analysis of feature dimensions in both experiments
and simulations with varying grain sizes. The simulation results directly determine
heights, as demonstrated in Fig.13, while the diameters are twice the values mentioned
earlier. Due to the lack of distinct boundaries between the body and rollover features
in the simulation results, their heights were integrated for analytical purposes. As

shown in Fig. 4.18 (a), major differences in overall height arise from variations in the
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body and rollover dimensions, while the head heights remain consistent. The inclusion
of burr geometry, which was not considered in the simulation results, significantly
contributes to overall height. The simulation results exhibit a slight underestimation
of the experimental height, and this discrepancy becomes more pronounced for
coarser-grained materials. This discrepancy can be attributed to an increase in
transverse material flow and a decrease in extrudate height caused by the presence of
coarse grains. In the case of a limited number of grains in the direction of sheet
thickness, the presence of grain inhomogeneity results in unfavourable material flow
directions that deviate from the intended punching direction. As depicted in Fig. 4.18
(b), the simulation results indicate a decrease in head diameters with the rising grain
size. The middle region of the head demonstrates minimal deviation from the
experimental results, while the ends show significant decreases. In contrast to the head
diameters, the simulation results do not reveal significant grain SEs on the body
diameter distributions. However, the experimental results show a decrease followed
by an increase in the body diameter with grain size (Fig. 4.18 (c)). Interfacial friction,
despite the use of identical machine oil as a lubricant, is also considered a contributing
factor to grain SEs. In summary, the dimensional accuracy of the CPFEM predictions
is satisfactory, with corresponding grain SEs being adequately reflected. However, Fig.
4.13 further highlights the shortcomings of the conventional FEM simulations in
predicting the total heights, with an error of 0.1 mm and a slight overestimation of the

rollover feature height.
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Fig. 4.18 The comparison of the important feature sizes in simulation and
experiment results. (a) The heights of the head, body, and rollover, and whole part
for different grain sizes are collected and compared. (b)-(c) The assembly
dimensions, that is, the diameters of the head and body features, are measured from

top to bottom and compared.
4.4.3.3 Size effects on surface roughness

To study the grain SEs on surface roughening, the morphology of the surfaces on the
hexagon socket part was observed by SEM, and the surface roughness was measured
by using a 3D laser scanning microscope. Fig. 4.20 shows the measuring location and
results of the roughness. The side surfaces of the head and body features were selected

as the measurement locations, which were first tilted by an accompanying software to
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transform them into a plane. The roughness R, was calculated by Eqn. 3.8.

Fig. 4.20 The surface roughness measurement mappings of the head and body
surfaces. The simulation results are calculated via Eqn. 3.8, and the shaded areas
represent the calculation errors in simulation results. Then the surface roughness in

experimental and simulated results are drawn and compared.

Fig. 4.20 demonstrates the disparity in roughness between the head surface and the
body surface, which is primarily attributed to the different mechanisms. The head
surface is characterized by the formation of a blanking shear band, as opposed to the
friction shear band that constitutes the body surface. In contrast, the body surface
exhibits a notably smooth appearance, with minimal irregularities, except for the
occurrence of a few sporadic longitudinal fine lines. These fine lines can be attributed
to the relative sliding between the material and the die during the manufacturing
process. It is also observed that the surface roughness is positively correlated with the
grain size. The trend mentioned above is evident in the results obtained from the
CPFEM simulations, albeit with magnitudes smaller in comparison to the

experimental findings. The anisotropy of the grains induces incompatible strains
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within neighbouring grains, leading to a scenario where certain grains undergo vertical
deformation while others deform in different orientations. This phenomenon
ultimately gives rise to a rough surface. As the grain size increases, the surface grains
are subjected to lower constraints, leading to more severe incompatible deformation
of those grains and a corresponding increase in surface roughness. The error in the
simulation results (shaded area) also increases with the grain size for the same reason.
Moreover, the surface roughness is intricately related to the lubrication conditions. For
a given sheet thickness, when the grain size increases, it leads to a reduction in the
presence of lubrication pockets, resulting in an increase in friction and surface
roughness [153]. In conclusion, the roughness of the formed part is significant, and
the performance of the fine-grained materials is comparatively superior. Efforts
towards improving the product surface quality, such as further surface treatment of the

tooling and optimized lubrication conditions, are imperative.

4.4 Summary

To develop an integrated meso/micro-scaled progressive forming system combining
product design, process analysis, and CPFEM simulation, and utilize it to investigate
the interplay between scale-dependent deformation behavior, size effect mechanisms,
and final part quality. A novel CPFEM and CZM method was developed to investigate
the deformation and failure behaviours induced by grain SEs in uniaxial tensile tests
and progressive microforming in this chapter. A three-step progressive microforming
process was designed and implemented as a case study for the production of a
hexagonal socket part, to evaluate the effect of grain size on the stress and strain
distribution, microstructure evolution, load-stroke relations, dimensional accuracy,

irregular geometries, and surface quality. The following conclusions were reached:
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1)

2)

3)

Due to the complexities of the progressive microforming, a new CPFE-CZM
method was proposed for simulation and prediction: the CPFE model
incorporates the effects of slip and twinning on deformation behaviour in brass
materials, while the CZM considers the distribution of cohesive elements for
different processes through the adoption of the bi-linear TSL and MAXS
criterion. The RVEs with the actual textures of CuZn32 material with various
grain sizes were simulated using this method and validated by uniaxial tensile
tests; the results are in good agreement in terms of the mechanical response of
the material.

The CPFE-CZM simulations were compared with experiments and conventional
FEM simulations, demonstrating the superiority of the CPFE-CZM method over
conventional FEM in predicting experimental outcomes. The results showed that
the CPFE-CZM method could accurately anticipate the trend of decreasing
forming load with increasing grain size, as well as the approximate range of
maximum load. The CPFE-CZM method was able to provide consistent results
with experiments in terms of part dimensional accuracy, with the total height
being negatively correlated with grain size and the head diameter rising with
grain size. Overall, the part with the initial fine-grained material has the best fit
with the design scenarios in terms of its size.

The microstructure evolution during progressive microforming was revealed
through the observation of shear bands and dead metal zones, which could be
accurately predicted by strain maps from CPFE-CZM simulations, with dead
metal zones becoming larger with coarser grains. The surface defects, including
dimples, micro pits, and micro wrinkles, were found to be more prominent in
coarser-grained materials, difficult to directly determine from the CPFE-CZM

simulation results, and can only be inferred from the measured surface
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roughness. This shows the limitations of this novel method.

In conclusion, the CPFE-CZM method provides a robust approach for the simulation
and prediction of complex meso/microforming processes that involve shearing and
plastic deformation. The methodology holds promise for the refinement of constitutive
models and fracture models for different materials, processes, and products in future
studies. However, this method also brings many problems, such as extremely high
computational costs. Next, we will continue to explore the advantages and

disadvantages of CPFEM in meso/microforming in depth.
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Chapter 5 Deployment and Assessment of the CPFEM
Framework for Complex Progressive Meso-Forming:
Predictive Capability for Deformation, Failure, and Part
Quality under Size Effects and Comparative Analysis with

Conventional FEM

5.1 Introduction

While CPFEM has shown considerable advantages over traditional FEM in the
forming processes of complex meso/micro-scaled parts, especially in capturing
detailed material behaviours and deformation mechanisms, it still encounters
significant challenges. These include extremely high computational costs and complex
modelling processes, which limit its practical usability. To address these issues and
provide a comprehensive understanding of CPFEM’s capabilities, this chapter aims to
conduct a thorough comparison and analysis of CPFEM with other commonly used
advanced simulation methods. By evaluating their respective strengths and
weaknesses, this study will offer valuable insights for selecting the most appropriate
simulation technique for complex progressive meso/microforming processes and

identify potential areas for future improvements.

In this chapter, an advanced simulation technique, the coupled Eulerian-Lagrangian
(CEL) method, was introduced for the first time to model the progressive meso-
forming of complex components. This approach was used to compare the strengths
and limitations of CPFEM, conventional FEM, and CEL in addressing SEs induced

during the forming process. A novel experimental forming system was specifically
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designed and developed to fabricate a meso-scaled gear shaft, thereby validating the
simulations. This research assessed the impact of SEs on computational efficiency,
process load control, feature size accuracy, microstructural and texture evolution, and
product surface quality of progressive meso-formed parts by comparing CPFEM, CEL,
FEM, and physical experiments. Furthermore, the mechanisms of SEs in the
progressive meso-forming of polycrystalline materials were elucidated, and the SE on
extrudate length was explained and validated. As a result, this study marks a notable
advancement in the development of precise and computationally efficient techniques

for forming complex components.

The concept of the CEL can be encapsulated by setting up a Lagrangian mesh for die
and a Eulerian region for deforming material, thereby, to some extent, circumventing
the task of meshing the material at the initial stage [154-156]. As depicted in Fig. 5.1,
Lagrangian mesh conforms to the shape of material, with the material points moving
synchronously; in contrast, the Eulerian mesh is stationary, considering only the flow
of fluid through it, with the volume fraction within each element used for description.
Compared to FEM and CPFEM, the CEL offers numerous advantages. On one hand,
by eliminating distorted elements and thus avoiding the need for remeshing, CEL
significantly reduces the time required for simulation setup and execution. On the
other hand, CEL enables the use of straightforward material models like the Swift [157]
and Johnson-Cook models [158], which are much less complex than those used in
CPFEM. The CEL has been successfully applied in various metalworking domains,
including friction stir welding [159, 160], orthogonal cutting [161, 162], cold spray
[163], and end milling [164]. For forming purposes, Al-Athel and Gadala [165]
conducted wire drawing simulations using CEL, in which the wire was regarded as an
Eulerian grid. Hah and Youn [166], Liu et al. [167], and Asadi and Akbari [168] all

successively applied the method to back extrusion, sheet drawing, and friction stir
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back extrusion, respectively. These applications underscore the potential of CEL in
addressing the challenges faced by FEM and in the manufacturing of complex-shaped

parts.

Fig. 5.1 Schematic of Lagrangian and Eulerian approaches in ABAQUS/Explicit.
The Lagrangian mesh follows the part shape and the material points move as a single
entity; the Eulerian mesh remains fixed, with material flowing through the meshed

elements and represented by the volume fraction within each element.

5.2 Experimental methodology

5.2.1 Grain size analysis and property evaluation

In this study, recrystallization-annealed T2 pure copper sheets, each with a thickness
of 2 mm, were utilised. To investigate grain SEs, heat treatments of 400°C-1h, 500°C
-1h, and 600°C-1h were carried out with argon protection. A variety of grain sizes were
ascertained and documented via microscopic analysis conducted on the surface
aligned with the rolling-normal direction (RD-ND), as shown in Fig. 5.2. For the
purposes of this investigation, pure copper sheets featuring average grain sizes of 23
+ 2 um (designated as fine grain - FG), 35 + 4 um (medium grain - MG), and 59 * 8

um (coarse grain - CG) were used and subsequently subjected to both uniaxial tensile
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testing and a progressive forming regime.

Fig. 5.2 Microstructures of the pure copper sheet after heat treatments and sample
dimensions for uniaxial tensile test. The average grain sizes were obtained as 23, 35,

and 59 um under recrystallization annealing of 400°C-1h, 500°C-1h, and 600°C-1h.

The mechanical properties were determined through uniaxial tensile tests, conducted
in accordance with the 1SO 6892-1 standard, to assess the influence of grain size on
material behaviour. The material properties derived from these tests were subsequently
incorporated into FEM and CEL simulations. Input parameters such as elastic
properties, yield strength, and strain hardening behaviour, which dictate the material's
stress-strain response under load, are essential for modelling. Fig. 5.2 depicts a tensile
testing specimen with a gauge length of 26 mm, extracted from a pure copper sheet
and aligned for elongation along RD. The specimens were tested using an MTS
machine under quasistatic loading conditions (0.001 s strain rate). Three independent
testing repetitions of each type of specimen were considered for data reliability. The
experimentally measured stress-strain curve is fitted into the Swift constitutive model

described by the following equation

o =K(go+e,)"- (5.1)
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Here o, K, and n represent the flow stress, the hardening coefficient, and the strain
hardening index, respectively. The fitted curves were plotted alongside the

experimental results, as illustrated in Fig. 5.3.

Fig. 5.3 Experimental flow stress-true strain curves and Swift model based fitted
curves for FG, MG, and CG specimens. The experimental results were obtained by

averaging three repeated tests.

5.2.2 Progressive meso-forming system

A set of new equipment was designed, fabricated, and integrated for progressive meso-
forming including a control system, pressure system, and tooling components, as
shown in Fig. 5.4 (a). The control box can be personalized regarding punch speed,
punch stroke, holding time, counter speed, and counter stroke. For the pressure system,
a hydraulic electric cylinder is a type of mechanical actuator used to force through a
unidirectional stroke. Secured by means of bolts and guide posts, the hydraulic

cylinder takes the full load-bearing strength of the tooling system. The tooling system
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consists of a platform, punch holder, blank holder, die, and feeding system, as depicted
in Fig. 5.4 (b). All surfaces in the tooling assembly that may come into contact with
the material were controlled to a roughness of Ra 0.8. The hydraulic system’s cylinder
tube is positioned above the platform, with the piston rod linked to the punch holder,
enabling the control system to manage the punch’s ascending and descending
trajectories. In this setup, the punches (blue parts) and dies (green parts) are swappable
to maintain versatility for other studies and parts. The sheet metal is held by the blank
holder and die in the forming processes and does not move or tilt due to excessive
loads. It is worth mentioning that the newly designed feeding system is simple but
function able, the rail inside is directly connected with the fixture of the sheet metal,
a helical micrometer is used to measure and feed distance. Once the first step is
complete, the strip will be manually lifted and adjusted. Then, the strip can be fed by

using a helical micrometer for a fixed distance. This will enable accurate processing.
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Fig. 5.4 (a) The progressive forming system consists of a control box, a hydraulic
cylinder, and tooling system. The control system allows for user-defined punch
speed, punch stroke, hold time, reset speed and reset stroke. (b) The tooling system
consists of a two-step working system and other components. (c) Schematic diagram

of each step: Step I - forward extrusion and Step II — blanking.

A pure copper gear shaft (m2-z10) was chosen as the case study in this research. Gears
are fundamental mechanical components crucial for transmitting motion and/or power
across various industries, and there is no doubt that gear manufacturing is a
fundamental process in manufacturing engineering [169]. There are three systematic
classifications that can be used for traditional methods of fabrication of gears: (a)
material removal processes like hobbing and milling; (b) additive manufacturing; and
(c) forming process like stamping and extrusion [170]. Manufacturing of gear shafts
is often subjugated to multiple processes or high-temperature conditions; however,
progressive cold forming is a very efficient option, and it exhibits excellent quality. In
this study, a two-step progressive meso-forming process for gear shafts was developed,
as illustrated in Fig. 5.4 (c) and Fig. 5.5 (a). A pure copper sheet (length: 80mm; width:
20 mm; thickness: 2 mm) was incrementally fed through the system along a left to
right direction, with each advancement of the material representing a stage of 16 mm.
The preliminary step, labelled as Step I, was performed using a 2.4 mm-diameter
punch. A similar punch was employed to displace the copper material by 1.2 mm in
the thickness direction, extruding it into a tunnel with a 0.8 mm diameter and a 0.1
mm radius corner. Advancing to Step I, a punch inherently matching the upper surface
design of the gear shaft was used to complete part separation from the sheet. This
procedure ensures the final component produced met the design specifications. To
ensure procedural consistency, the forming speed in both process steps was strictly

maintained at 0.005 mm/s. Every potential contact surface uses machine oil as a
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lubricant to reduce friction. The fabricated gear shafts with different initial grain sizes

are displayed in Fig. 5.5 (b).

Fig. 5.5 (a) Dimensions of the case study part — pure copper gear shaft (m2-z10)
with a modulus of 2, 10 teeth, 2.4 mm tip diameter, 1,6 mm root diameter, and 2 mm
pitch diameter. (b) The progressive meso-formed pure copper gear shafts with

various initial grain sizes.

5.3 Simulation setup and constitutive modelling framework
5.3.1 Simulation setup of progressive meso-forming process

The progressive meso-forming system was modelled as depicted in Fig. 5.6.
Simulations based on CEL and CPFEM were conducted within the ABAQUS/Explicit

environment, whereas Deform3D was utilized for FEM simulations. Considering the
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computational expense, only a segment of the cylinder was generated to represent the
raw material. For CEL and CPFEM, the material was simplified to a 18/360 ratio,
representing half a tooth, whereas a 72/360 ratio was used for FEM. In the simulation,
the progressive meso-forming system was simplified by only retaining the punches,
dies, and blank holder. All tooling components were configured as rigid bodies. Within
the manufacturing process, Step | punch initially moves downward along the Y-axis.
Upon completion of Step I, Step | punch and die retract, and the Step Il punch and die
are positioned to initiate Step Il. The gear shaft can be manufactured in a manner
analogous to the experiments. Cyclic symmetry boundary conditions were applied.
Moreover, a friction coefficient of 0.12 was utilized for simulations, which is a
common value in cold forming with lubricating oil [171]. The penalty contact
algorithm was applied to all possible contacting surfaces between the material and

other 5 tooling parts.

Fig. 5.6 Simulation setup of progressive meso-forming for various approach.
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5.3.2 CPFEM and CEL based modelling

For the constitutive models used in the CPFEM simulations, most of them follow the

equations mentioned in Section 3.2 except for the FCC single slip hardening model:
haa = ho (1 =50 (5.2)

Here h, and t, are the primary hardening modulus and saturation stress,
respectively, identical for all slip systems. a is the rate sensitivity of the rage of strain
hardening. In this CPFEM simulations, the parameters used for this material and
research are listed in Table 5.1.

Table 5.1 Parameters in CPFEM simulation [172, 173].

Ciy Ci2 Cyq hg Ss To Yo m qaﬁ a
(GPa) (GPa) (GPa) (MPa) (MPa) (MPa) (s 1) (1) 1)
168.4 121.4 75.4 180 148 16 0.001 0.05 1.4 2.25

The CPFEM simulations were conducted in the ABAQUS/Explicit environment using
a user-developed VUMAT subroutine to define the constitutive relations. To solve the
computational issue in modelling the microstructure of an entire sheet, a hybrid
modelling manner is proposed. It mixes the FEM approach to assess the overall
structure with the CPFEM method in order to high-fidelity microstructural simulation
over the critical areas, which has been utilized and proved with great results in our
prior study [33]. As demonstrated in Fig. 5.7 (b), the pink parts represent traditional
FEM modelling, while the rest of the parts are modelled using CPFEM. By comparison
with Fig. 5.6, it shows that the FEM part is far away from the final formed part during
the manufacturing process, so this strategy can effectively reduce the consumption of

computational resources in unnecessary places. The tessellation (CPFEM zone with
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radius of 1.2 mm and a 2 mm height) was created using a controlled Voronoi method,
covering the material that is direct contact with the punch. The adjoining two zones
were bonded with the layer with zero-free cohesive elements. In all models, cohesive
zones between elements were included to capture the fracture, modelling the apparent
fracture behaviour at the tooling contact area observed in the experiments. This
distribution of cohesive zones can be observed in Fig. 5.7 (b), and the cohesive
elements were set between all element surfaces inside the blue frame. This setting can
not only be strategic and smart for reducing superfluous computational work since
they are not applied in parts that are highly unlikely to be fractured, but they also guide
the direction of fractures locally (independent of the overall shape of the object). This
targeted strategy provides an optimal balance between computational efficiency and
simulated effectiveness while maintaining a competitive performance in the fracture

prediction.
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Fig. 5.7 (a) Modelling of the CEL approach includes the reference volume and
Eulerian mesh part. (b) The modelling of material for CPFEM, its dimensions, and
the distribution of cohesive zones. (c) CPFEM modelling setup and models for FG,

MG, and CG samples. The tessellation was created by using a controlled VVoronoi
method, and a uniform grain size generating method was applied. (d) The
tessellation-mesh approach was used in this research instead of the opposite way in

our prior study [33].

As for the meshing, a different approach was used in this study as compared to our
previous work [33]. In the previous method, the model was first meshed and then
divided into multiple grains. Nevertheless, this approach may cause a lot of errors in
the mesh distortion. For this research, a different method was applied in which
tessellation was first generated and that tessellation was then meshed, as presented in
Fig. 7(d). This greatly reduces the frequency of errors due to the use of tetrahedral
elements [174, 175], and the mesh size can be increased (0.01 mm) to shorten
computation time. C3D10M and COH3D6 mesh types were applied for the copper
elements and cohesive elements, respectively. Additionally, random initial grain
orientations were assigned to the grains. The generating method of those grain

orientations has been introduced in Section 3.3.2.

As shown in Fig. 5.7 (a), the sector-cylinders were constructed with a height and radius
of 2 mm during the CEL modelling stage. The grain-size-dependent variations in
modelling stage were predicted on the material settings. The material properties,
including material density, Poisson's ratio, Young's modulus, flow stress, and fracture
strain, were derived from the uniaxial tensile tests in Section 5.2.1, and were applied
in both CEL and FEM simulations. In the numerical simulation employing CEL, the

Eulerian material distribution across the mesh is followed by the Eulerian Volume
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Fraction (EVF) [176, 177]. Whin this context, the EVF is a dimensionless number that
indicates how much of the volume of the implemented Eulerian element is filled with
material, ranging from 0 (where no material is present) up to 1 (where the Eulerian
element is fully packed with material). This metric is crucial for depicting material
flow and establishing accurate values for the numerical analysis using the CEL
framework. That is, the reference volume represents the undeformed material and the

Eulerian mesh part is created to cover the whole region the material may deform into.

For the meshing part in conventional FEM simulation, the minimum mesh size must
be reduced to a certain degree (0.002 mm), and arbitrary Lagrangian-Eulerian
remeshing (ALE) must be utilized to ensure that the distortion issue does not appear
[178, 179]. However, according to Qiu et al. [180], the mesh effects on computational
cost and simulation results in the CEL method are not significant. Therefore, a larger
mesh size of 0.4 mm and the EC3D8R mesh type were applied to all CEL simulations
in this study. The general contact algorithm, which utilises the penalty contact
approach, enables CEL to effectively manage the interaction between two distinct
domains, namely Eulerian and Lagrangian domains. This is a rather relaxed alternative
to the kinematic contact method but it is a practical method to handle contact issue.
The seeding starts from the edges of the Lagrangian particles and anchor points are
placed on the Eulerian surface. It achieves hard pressure closure via the penalty
method by permitting a slight overlap between Eulerian and Lagrangian materials,
thereby facilitating contact and interaction between the two domains in the simulation

[181, 182].
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5.4 Results and discussion

5.4.1 Efficiency of computation considering size effect

The CPU consumption of various simulation methods is evaluated to compare
computational efficiency, as shown in Fig. 5.8. In this study, all simulations were
performed on the same workstation. The computational time statistics only include the
effective forming times of the first and second steps, with the time consumed by
tooling movement subtracted from the total time. It is revealed that the CEL
simulations for meso-scaled gear shaft in this study took approximately 1x107 s CPU
time for different initial grain sizes. In the modelling process for the CEL simulation,
the material property is the only input variable, while the mesh size, load conditions,
and boundary conditions are kept constant. The increment time in ABAQUS/Explicit
is influenced by meshing and material properties [89]. As the mesh size, Young’s
modulus, Poisson’s ratio, and material density remain identical in the CEL
simulations—despite variations in grain size—this explains the nearly identical
computation times observed. For CPFEM, however, the corresponding cost is three
times that of FG, and twice that of MG and CG samples for CEL, respectively. Firstly,
the computational costs are higher because CPFEM is intrinsically more complex,
which necessitates calculating activation and slip on each of the slip system in every
grain at each increment. Secondly, this SE is caused by the variation in meshing.
Whilst the models were assigned the same 0.01 mm mesh size, the practical lower
limit is 0.005 mm due to the intricate grain boundary complexities in finer-grained
materials. Within the framework of the novel tessellation-mesh methodology,
numerous grain boundaries—either excessively short or characterised by minimal
pinch angles—result in reduced mesh dimensions. This leads to smaller mesh sizes

and an increased total number of meshes.
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Fig. 5.8 Comparison of computational consumption of CEL and CPFEM for various
grain-sized samples. CPFEM is twice more expensive than CEL and is more time-

consuming to model in simulation of the fine-grained sample.

5.4.2 Load-stroke relations affected by size effect

In progressive forming, the load-stroke control not only affects the entire tooling and
feeding systems but also contributes to imbalance and reduced service life of punches
[183, 184]. Fig. 5.9 presents a comparative analysis of the experimentally obtained
and simulated load-stroke curves. To ensure reliability, the average data from three
repeat experiments were utilized for reference. Given that the simulations only
modelled a portion of the material, the simulated load data were scaled up to match
the full experimental conditions, facilitating a direct comparison between the
experimental and simulated results. In Step I, the load tends to increase essentially
linearly with the stroke, based on the experimental results. At a stroke of 0.1 mm,

material fracture first occurs and the rate of load increase accelerates and continues to
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the final designated termination stroke of 1.2 mm. The point at which this material
fracture initiates varies from simulation to simulation: the FEM at 0.5 mm (Fig. 5.9
(@)), the CEL at 0.15 mm (Fig. 5.9 (c)), and the CPFEM at around 0.6 mm (Fig. 5.9
(e)). The maximum loads predicted by FEM and CEL are lower, while in CPFEM they
are similar to the experimental results at about 8200-8400 N. It can be concluded that
the load increases with a finer-grained material in both steps, aligning with the grain
SE in the flow stress curve shown in Fig. 5.3. This grain SE can also be observed in

the FEM simulations, but is not as pronounced in the other two methods.

Fig. 5.9 Deformation load-stroke curves for experimental and simulated results with
various grain-sized sample and simulation methods: (a) Step I-FEM, (b) Step II-
FEM, (c) Step I-CEL, (d) Step II-CEL, (e) Step I-CPFEM, and (f) Step II-CPFEM.
CEL can predict the trend of the load variation, but it is numerically smaller; the
maximum value of the CPFEM is close to the experimental results; and the FEM

deviates more from the actual load-stroke curves.

Step Il represents a quintessential shearing/blanking operation, during which the load

curves are characterized by three stages: rapid rise, stabilization, and gradual decline,
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as illustrated in Fig. 5.9 (b, d, and f). The loads predicted by all three simulation
methods are less than the actual forming loads, with CPFEM exhibiting the closest
approximation. The grain SE in Step Il is the same as it is in Step I, and it can be
observed in CPFEM but not in FEM and CEL this time. Collectively, the three
simulations are capable of forecasting the general trends, with CPFEM achieving the
maximum load values that are in closest alignment with the experimental data,
whereas the other two methods show greater divergence from the experimental

outcomes. Furthermore, the grain SE is also partially reflected in the simulation results

5.4.3 Flow behaviour and microstructure evolution affected by size effect

In the forming processes of complex parts, comprehending the flow behaviour and
microstructural evolution of the material is essential for enhancing product quality and
controlling the production process [185, 186]. As a quintessential component for
connection and transmission, the gear shaft is depicted in Fig. 5.10. From the main
view (Fig. 5.10 (a)), the gear shaft can be divided into the head and shaft, with the
outermost part of the head and the lowest part between the teeth designated as the tip
and root, respectively. The heights of the tip, head, and shaft as shown in the main
view, and the diameters of the tip, root, and shaft as indicated in the top view, constitute
critical dimensions for assembly and validation purposes. This subsection is dedicated
to discussing the microscopic experimental characterization and analysis of cross-

sections of these important features.
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Fig. 5.10 SEM observations of the final formed gear shaft: (a) main view and (b) top
view. The gear shaft can be divided into head and shaft parts. The outermost part of
the head is tip, and the lowest part between the teeth is root. The heights of the tip,

head, and shaft shown in the main view, the diameters of the tip, root, and shaft
shown in the top view are important assembly or validity dimensions. The measuring

points for tip and shaft diameters are illustrated in (a).

In processes involving large deformations, the work hardening effect often
characterises the direction of material flow and the degree of strain accumulation [187,
188]. This strengthening arises from dislocation motion and generation within the
material’s crystal structure. In this study, micro-scale Vickers hardness tests were
conducted on the tip and root cross-sections of the gear shaft to assess the distribution
of shear bands and dead metal zones. The initial hardness values and experimental
results for various regions are presented in Fig. 5.11. Fig. 5.11 (b) details the locations
of hardness tests and their corresponding measured values. Compared with the initial
values, there is a marked increase in hardness across all areas as a result of the large
deformation. The highest hardness areas are 121-128 HV, primarily situated on the
lower side of the head and in the corner between the head and the shaft, where the
streamlines are most concentrated. The second most hardened area is found in the tip,
indicating another shear band. The area on the upper head has no significant material

flow, but it is in contact with the punch in both forming steps, resulting in a hardness
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value of around 90 HV. The shaft, located at the bottom of the part, is engaged only in
the first step and exhibits the lowest hardness. The hardness along the central axis of
the shaft decreases from 100 to 68 HV from top to bottom. In contrast, the shaft surface
exhibits significantly higher hardness than the intermediate material, attributable to
the severe deformation and material fracture during the first step. Furthermore, the
overall hardness value decreases with increasing grain size, as shown from Fig. 5.11

(b1) to Fig. 5.11 (b3).

Fig. 5.11 (a) The hardness of undeformed annealed material, and the hardness
distribution on various zones of (b) tip and (c) root. The highest hardness areas are
mainly found on the lower side of the head and in the corner between the head and

the shaft, where the material deformed the most. The lower and middle part of the

109



shaft has the lowest hardness.

Fig. 5.11 (c) displays the metallographic images of root cross-sections and hardness
distribution for samples with differing grain sizes. Compared to the tip cross-sections,
the shaft demonstrates similar characteristics irrespective of grain size, while the head
exhibits marked variations. The lower side of the head in the root is oriented
perpendicular to the loading direction, whereas at the tip, a substantial angular shift
occurs, leading to a notably smaller shear band at the root. Beyond these distinctions,
hardness remains largely uniform across all other regions. A consistent grain SE is
evident, stemming from variations in work hardening caused by differences in grain
boundary density. These boundaries hinder dislocation movement and are responsible

for the pile-up effect.

Based on the hardness test results, insights into material flow behaviour and
deformation zoning within the component have been established, which will now be
analysed in conjunction with simulation outcomes. Fig. 5.12 provides a comparative
visualisation of effective strain distributions and microstructural compactness within
the tip cross-sections of gear shafts for varying grain sizes, derived from experimental
measurements and simulations (FEM, CEL, and CPFEM). The effective strain maps
explicitly illustrate material deformation and strain localisation, offering critical
insights into the material’s response under applied loads. These maps highlight stress
gradients and concentration zones, which are pivotal for evaluating mechanical
performance and potential failure modes in the gear shafts. As illustrated in Fig. 5.12
(d), the shear band contains the densest flow lines, indicating that the material flow
and cumulative strain are greatest in this region. This can be inferred from the strain
maps, as shown in Fig. 5.12 (a-c). In this case, the red part (high strain values) in both

FEM and CPFEM covers only a part of the region in shear band I, while CEL gives
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results that do not differ much from the experiments. The dead metal zone, which
means the material involved does not deform very much, covers other areas, including

the upper and middle of the head and almost the entire shaft except for the surface.

Fig. 5.12 The analysis compares the effective strain distributions and microstructural
alterations observed at the tip cross-sections of gear shafts for (a) FG, (b) MG, and
(c) CG samples, as derived from experimental data and simulations using
conventional FEM, CEL, and CPFEM methods. (d) Specifically, the metallographic
examination of the CG sample reveals the presence of dead metal zones and shear
bands, which are indicative of the material flow patterns and potential sources of

geometric irregularities.
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From CG to MG to FG samples, the flow lines in shear band become denser, and the
area expands. This is because, firstly, finer grain sizes involve more grains in large
deformations, and secondly, friction between surface grains and tooling in FG
materials constrains rapid material flow, creating a stark contrast between surface and
inner grain behaviour. The widening shear bands reflect a narrowing dead metal zone,
observable in strain maps. Despite variations in strain thresholds and distributions
across simulations, high-strain regions consistently shrink as grain size increases. Both
CEL and CPFEM simulations align more closely with experimental strain gradients in
non-high-strain zones compared to hardness distributions. CPFEM uniquely reveals
strain variations between grain interiors and boundaries due to explicit grain
delineation, highlighting how grain boundaries influence strain partitioning (e.g.,
dislocation pile-ups). These insights emphasise the critical role of grain boundaries in
strain heterogeneity and the necessity of grain-scale modelling (CPFEM) for capturing
microstructure-driven deformation mechanisms. The red area is spider-webbed from
the corner where the head and shaft meet, which highlights the advantage of CPFEM
in representing material heterogeneity. The shaft can be divided into three zones
according to CPFEM simulations: green, light blue, and blue ones, which are validated

by the hardness tests.

Fig. 5.13 collects the simulated and experimental results of root cross-sections.
Compared with the tip cross-sections, the dead metal zones are getting bigger, and the
shear bands become much smaller. It can be inferred that the size of the region of shear
band induced by the first step is shown in Fig. 5.13 (d), and the other region of this
shear band was caused by the second step. The high strain regions in CEL and CPFEM
are shrinking with the increasing grain size, but this effect is not as pronounced in the
experiments. It is noteworthy that some high strain regions (red ones) in CPFEM are

located inside the dead metal zone, for instance, the upper part of the head. This is
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mainly caused by the heterogeneity of the polycrystalline material and the
enhancement of the grain boundaries mentioned previously. In this study, the method
of randomly assigning crystal orientations does reduce the cost of material
characterization on the one hand, but on the other hand, it affects the misorientation
distributions of the whole material. Excessive misorientation angles inevitably lead to
more difficult dislocation transfer at the grain boundaries of neighbouring grains,
resulting in higher stresses and strains. However, the heterogeneity it reflects is more

realistic and informative compared to FEM and CEL.

Fig. 5.13 The analysis compares the effective strain and microstructures in the root

cross-sections of gear shafts for (a) FG, (b) MG, and (c) CG samples with
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experimental data and simulated results of FEM, CEL, and CPFEM methods.
respectively. (d) The MG sample's metallographic image reveals dead metal zones
and shear bands, which are critical indicators of material flow and potential sources

of undesirable geometries.

5.4.4 Dimensional precision affected by size effect

The tip and shaft heights are critical dimensions for the gear shaft’s functionality in
transmission. The measurement locations for tip, head, shaft, and total heights are
shown in Fig. 5.10 (a), with experimental and simulated results compiled in Fig. 5.14.
The designed dimensions are 0.5 mm (tip height), 0.8 mm (head height), 1.5 mm (shaft
height), and 2.3 mm (total height). Two distinct grain SEs are evident in the
experimental results. First, all heights decrease as grain size increases, except for the
tip height. Second, variations in dimensions remain within 30 um but exhibit a
tendency to increase with larger grain sizes. These findings align broadly with prior
research [33], due to the narrower range of grain sizes investigated in this study. Fig.
5.14 (b) illustrates the measured tip heights in experiments and simulations. It is
revealed that the CEL-FG, CPFEM-MG, and CPFEM-CG models predict the tip
heights well for the corresponding grain size, respectively. The FEM simulations not
only give measurements that differ significantly from the experimental results but also
show a grain SE that should not be present. For the head heights (Fig. 5.14 (c)), all
three simulation methods overestimated the values, while CEL and CPFEM gave
closer results to the design dimension of 0.8 mm than the experiments. For the total
height of the gear shaft (Fig. 5.14 (e)), the grain SEs reflected in the three simulation
methods are the same as those in the experiments, but FEM still gives higher values,

which can be observed in Figs. 5.12-5.13.
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Fig. 5.14 (a) The experimental measured heights of tip, head, shaft, and comparisons
of FEM, CEL, and CPFEM simulation results of (b) tip height, (c) head height, (d)
shaft height, and (e) total height. The results of FEM are very different from the
actual situation. The simulation results of CEL are close to the experimental results,

but cannot reflect the grain SEs; whereas CPFEM can predict both successfully.

The variation in shaft height (extrudate length) has been a difficulty in similar studies
over the years. One reason is that the materials and extrusion ratios are different;
another is that opposite conclusions have been reached, in which even the scatters vary
a lot; the third is that the physical principles have not been analysed. The extrudate
length is strongly influenced by grain size, cavity width, and their ratio. In this study,
the extrudate length increases with finer grain size. To analyse this grain SE, a physical
polycrystalline model was developed, as illustrated in Fig. 5.15. On the one hand,
Wang et al. [189] observed that in micro-coining processes, for a specific cavity width,
extrudate height decreases with increasing grain size when the ratio of grain size to
cavity width is below 0.25. In this study, the ratios for FG, MG, and CG samples are
0.0285, 0.0433, and 0.0743, respectively—all below 0.25. Consequently, material
filling into the cavity diminishes as grain size increases. Conversely, surface grains
undergo significant friction during extrusion. The meso/microforming approach yields

a higher grain-to-feature size ratio compared to macro-forming, amplifying disparities
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in both grain size and frictional effects. As shown in Fig. 5.15, inner grain movement
is heavily constrained by surface grains. For CG samples, larger grain sizes result in
greater surface grain coverage, elevating overall material resistance. These surface
grains, having already undergone great deformation, primarily rely on spatial
displacement, rotation, and minimal compressive deformations to accommodate the
overall deformation during subsequent compression. When the movement of surface
grains is constrained on both sides, it becomes more challenging for inner grains to
move, which reduces the overall extrudate length. In summary, a longer effective
extrudate length implies less material loss, making FG materials more advantageous

for enhanced material utilization.

Fig. 5.15 Schematic illustration of the shaft height (extrudate length) difference

between CG and FG materials.

The tip diameter (outside diameter), defined as the diameter of the circle connecting

tooth tips, and the shaft diameter—critical for interfacing with hollow components or
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fasteners—were experimentally measured as shown in Fig. 5.16 (a-c). Five
measurement points were established: three on the tip surface and two on incline 1
(marked in Fig. 5.10 (a)). The tip diameter exhibits a gradual decrease, with a more
pronounced linear reduction observed along incline I. The first measurement point
(uppermost tip region) shows larger values than the second (0.25 mm below),
attributed to burr formation during the punching/blanking process. This burr
generation primarily results from punch-die clearance effects in the forming operation.
The formation of incline I is because the material fracture first occurs on the root circle
in the blanking step. The designed tip diameter is 2.4 mm, and only the FG case gave
the closest results. Fig. 5.16 (d-f) lists the experimental measured shaft diameters from
top to bottom. The five measurement points are also equidistant, and the fifth
measurement point is located at the junction of the body and rollover. Though the
designed value of the shaft diameter is identical to 0.8 mm, it still shows a gradual
decrease from top to bottom. Furthermore, a clear grain SE can be found that the finer-

grained specimens have a larger shaft diameter.

In contrast to the pronounced grain SE observed experimentally, simulated tip
diameter measurements show greater consistency across methods (FEM, CEL,
CPFEM), as seen in Fig. 5.16 (a-c). While FEM simulations accurately replicate burr
formation (evident in Fig. 5.12), the other two methods exhibit shape variations. FEM
and CEL provide reliable predictions for tip diameter, whereas FEM and CPFEM
better capture sensitivity to incline I geometry. However, CEL significantly
overestimates the incline section diameter. For shaft diameter (Fig. 5.16 (d-f)),
simulation results diverge markedly: CPFEM simulations align with the expected
gradual downward trend, while FEM and CEL exhibit unphysical fluctuations (e.g.,
FEM-CG, CEL-FG/MG), contradicting extrusion principles. During extrusion, grains

subjected to sequential extrusion and shear undergo refinement from top to bottom due
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to die squeeze and friction—a trend absent in all simulations. Furthermore, none of
the simulations replicate the grain SE evident in experimental data, highlighting

limitations in capturing microstructure-driven dimensional variations.

Fig. 5.16 The comparison of experimental and simulated measured tip diameter and

shaft diameter: (a) (d) FEM, (b) (d) CEL, and (c) (f) CPFEM.

5.4.5 Surface quality affected by size effect

The surface roughness is an essential property for gears which are running under
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different conditions [190, 191], and the grain SEs on surface quality cannot be ignored
[192]. It basically controls the friction, contact temperatures, and consequently the
different failure modes of the coating. In this work, the SEs in surface roughness,
which is a crucial for the functioning of the gear coupling, and shaft joint, were
investigated by investigating two important surfaces related to connections and
transmissions: the tooth surface and the shaft surface, respectively. The 3D laser
scanning microscope provides precise surface topography analysis, enabling direct
correlation between grain size and surface roughness of critical components. As shown
in Fig. 5.17, experimental measurements of curved surfaces were aligned using a
three-point line configuration post-measurement. The results demonstrate a direct
relationship between grain size and surface roughness, with larger grain sizes
corresponding to higher roughness values. Significant scatter in the data indicates

substantial variability in tooth surface roughness.

The calculation results were compared in Fig. 5.17. For both surfaces, the CPFEM
gives almost twice the value of experimental results. On the one hand, it is because
CPFEM is able to bring up the heterogeneity of polycrystalline materials. On the other
hand, it is a result of the calculation method. The experimental measurements are
based on the principle of hitting parallel lasers on a curved surface and counting the
height difference. Although corrected by curve levelling, it is still essentially a parallel
laser. However, according to Eqn. 3.8, the height of the distance from the centre axis
to the node of that cylindrical surface is calculated for the shaft surface roughness. The
latter essentially relies on straight lines with different angles, which inevitably leads
to increased bias in the results. The calculated roughness of FEM and CEL is less than
the actual situation because of the lack of material heterogeneity. In addition, CPFEM
can reflect the grain SE and is in general agreement with the experimental results for

the shaft surface.
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Fig. 5.17 The measured surface roughness of (a) tooth surface and (b) shaft surface
based on experimental and simulated results. Both surfaces are critical working

surfaces of the gear shaft as connections and transmissions.

5.5 Summary

This chapter presented a comprehensive evaluation of the CPFEM framework for
simulating the progressive meso-forming of a pure copper gear shaft, with
comparative analyses against Conventional FEM and CEL methodologies. A novel
meso-forming system—integrating advanced control schemes, pressure apparatus,
and tooling devices—was designed and manufactured to validate the computational
predictions. The assessment encompassed deformation behavior, failure mechanisms,
part quality under size effects (SEs), computational efficiency, and predictive accuracy,

with key findings summarized as follows:

1)  Both CPFEM and CEL demonstrated exceptional accuracy in predicting strain

distribution, material flow, and microstructural evolution, outperforming
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2)

3)

Conventional FEM in capturing shear bands, dead metal zones, and grain-level
SEs. While CEL offered an optimal balance between computational cost and
accuracy, CPFEM provided unparalleled precision in modelling grain-scale
deformation and size effects, despite its higher computational demand. However,
CPFEM exhibits notable limitations: (a) extreme computational expense due to
explicit grain-resolved modelling, restricting its use to small-scale or localized
simulations; (b) sensitivity to crystal plasticity parameters (e.g., hardening laws,
slip systems), requiring extensive calibration; and (c) challenges in modelling
grain boundary effects (e.g., void nucleation, intergranular fracture) without
additional constitutive frameworks. These constraints currently limit CPFEM’s
industrial applicability for large-scale forming simulations.

The study elucidated the mechanistic role of grain size in extrusion processes:
Constrained surface grains hindered the downward displacement of inner grains,
amplifying surface deformation and reducing extrudate height; Larger grain
sizes reduced cavity-filling efficiency, directly influencing part dimensions.
These findings underscore the microstructure-macroscopic deformation linkage,
highlighting the necessity of grain-resolved modelling (e.g., CPFEM) for
meso/micro-forming processes. Nevertheless, CPFEM’s reliance on idealized
grain morphologies and simplified boundary conditions may introduce
deviations from real polycrystalline behavior, particularly in dynamic
recrystallization or grain rotation-dominated regimes.

CPFEM excelled in predictive accuracy for microstructural evolution and SEs
but required significant computational resources. Its prohibitive runtime and
memory demands make it impractical for iterative process optimization or
industrial-scale simulations without high-performance computing infrastructure.

CEL emerged as a practical alternative for industrial applications, offering
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robust predictions with moderate computational expense. Conventional FEM
proved inadequate for grain-sensitive processes, failing to resolve SEs and

localized deformation features.

This study advances the development of efficient, high-accuracy forming simulations
for complex meso/micro-components. The CPFEM framework establishes a
foundation for microstructure-aware process optimization, while the comparative
analysis guides methodology selection based on accuracy-computational cost trade-
offs. To mitigate CPFEM’s limitations, future work should explore: (1) reduced-order
CPFEM models or hybrid CPFEM-CEL approaches for scalable simulations; (2)
machine learning-aided parameter calibration; and (3) integration of advanced grain
boundary mechanics. These steps will be critical to bridging the gap between academic

research and industrial adoption.
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Chapter 6 Linking Microstructure, Size Effects, and
Deformation Mechanisms in Micro-Extrusion: A CPFEM-

EBSD Integrated Study

6.1 Introduction

In Chapters 3 to 5, a novel CPFEM-size effects-product quality framework has been
developed and assessed through meso/micro-scaled simple and progressive forming
methods. However, at this scale, the vast majority of forming processes are closed-die
processes, meaning that the deformation behaviours cannot be continuously observed
to understand the fundamental mechanisms linking microstructure, size effects, and
deformation. Driven by this objective, this chapter will focus on one of the most
common closed-die processes, namely micro-extrusion. By integrating CPFEM with
EBSD technology, the results of CPFEM will be practically applied to the optimization
process of the forming process. This will quantify the influence of initial grain
structure (size, orientation) and deformation-induced heterogeneity on meso/micro

forming behavior and final part performance.

This chapter investigates the microstructural evolution and deformation mechanisms
of Cuzn32 brass during micro-extrusion using a novel combination of quasi-in-situ
EBSD and CPFEM simulations. The integration of these techniques provides detailed
insights into the complex interplay between grain size, deformation behaviour, and
microstructural changes under severe plastic deformation. The results show that FG
materials exhibit more pronounced grain refinement and strain localization compared
to MG and CG materials. The distribution of equivalent plastic strain and stress is

highly heterogeneous, with significant strain localization in shear bands and dead
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metal zones (DMZs). The size and distribution of these zones vary with grain size,
with FG materials showing more pronounced strain localization and larger DMZs. The
micro-stress and micro-strain evolution reveal significant heterogeneity in
deformation, with high stress and strain concentrations observed at grain boundaries
and regions in contact with the die. In summary, the innovative combination of quasi-
in-situ EBSD and CPFEM simulations provides a powerful tool for understanding the
complex mechanisms governing microstructural evolution. These findings offer
valuable insights for optimizing micro-extrusion processes to enhance material

properties and performance.

6.2 Materials and experiment

6.2.1 Materials

In this study, CuZn32 brass was selected for micro-extrusion and compression testing
due to its extensive industrial applications and well-characterised mechanical
properties. The material was prepared in two geometries: semi-cylindrical specimens
for micro-extrusion (Fig. 6.1 (a)) and cylindrical specimens for compression tests (Fig.
6.1 (b)). The compression specimens were designed to calibrate the CPFEM model by
providing experimental deformation data under controlled conditions. To evaluate
grain SEs on deformation mechanisms and mechanical properties, recrystallization
annealing treatments were applied: 500°C for 1 hour, 600°C for 1 hour, and 700°C for
2 hours. Each annealing condition resulted in a distinct grain size and initial texture,
as illustrated in Fig. 6.1 (c-e). The average grain sizes obtained from these treatments
were 29.7 um, 63.6 um, and 154.4 um, respectively. The initial textures and grain size
distributions were characterized using EBSD analysis, providing a detailed

understanding of the microstructural features of each sample.
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Fig. 6.1 Schematic illustrations and microstructural characteristics of CuZn32 brass
samples used in this study. (a) Semi-cylindrical specimen for micro-extrusion
testing; (b) Cylindrical specimen for compression testing; (¢) EBSD micrograph
showing initial texture and grain size of 29.7 um after annealing at 500°C for 1 hour;
(d) EBSD micrograph showing initial texture and grain size of 63.6 um after
annealing at 600°C for 1 hour; (¢) EBSD micrograph showing initial texture and

grain size of 154.4 um after annealing at 700°C for 2 hours.
6.2.2 Micro-extrusion and quasi-in-situ EBSD tests

To facilitate quasi-in-situ EBSD analysis during the micro-extrusion process, a
specially designed die assembly was developed, as shown in Fig. 6.2 (a). The die
consists of two nearly identical halves separated by a central cross-sectional plane.
During micro-extrusion, the two components are tightly assembled and secured using
two locating pins, while the outer sections are clamped by additional tooling
assemblies to prevent separation under the high extrusion forces. Unlike conventional

cylindrical extrusion channels, this die features a semi-cylindrical structure. This

125



design not only ensures the mechanical equivalence to standard extrusion processes
but also maintains the integrity of the cross-sectional surface for EBSD analysis
throughout the experiment. In the micro-extrusion process, a semi-cylindrical CuZn32
brass specimen (1 mm height, 1 mm diameter) is positioned within the 1 mm diameter
initial channel of die #1. A punch then extrudes the material at a quasi-static
deformation rate of 0.005 mm/s, traveling a total distance of 1 mm. This gradually
forces the material into the downstream channel of die #1, which features a reduced
diameter of 0.5 mm, as depicted in Fig. 6.2 (b). All surfaces in the tooling assembly

that may come into contact with the material were controlled to a roughness of Ra 0.8.

The specific experimental procedure is as follows:

1)  The initial microstructure of the heat-treated material is characterized using
EBSD to obtain a baseline of the grain size and texture.

2) The material is placed into the tooling assembly, and micro-extrusion is
performed to achieve a 50% reduction.

3)  The die is disassembled, and the partially extruded material is removed for
EBSD analysis to capture the microstructural changes at this intermediate stage.

4)  The material is then reinserted into the tooling, and the extrusion process is
completed to the final deformation state.

5)  The fully extruded material is retrieved and subjected to EBSD analysis once

more to document the final microstructural evolution.

This experimental methodology enables precise monitoring of microstructural
evolution across progressive stages of the micro-extrusion process, yielding critical

insights into the underlying deformation mechanisms and grain SEs.

126



Fig. 6.2 Schematic illustration of the specially designed die assembly and
experimental procedure for quasi-in-situ EBSD analysis. (a) Assembly of the die
components showing the semi-cylindrical structure and the central cross-sectional
plane for EBSD observation. (b) Detailed experimental procedure: (1) Initial EBSD
characterization of the heat-treated material; (2) Placement of the material into the
die and extrusion to 50% reduction; (3) Disassembly of the die and intermediate
EBSD analysis of the partially extruded material; (4) Reassembly and completion of

the extrusion process; (5) Final EBSD analysis of the fully extruded material.

6.3 Crystal plasticity modelling methods

The constitutive models within the CPFEM framework, consistent with Section 4.3.1,
were implemented via a user-defined material (UMAT) subroutine in Fortran and
integrated into ABAQUS/Standard for crystal plasticity simulations. The calibration
process began with compression test modelling. A cylindrical RVE, matching the
experimental sample dimensions (1 mm height, 1 mm diameter) and grain size

distributions, was generated using Voronoi tessellation to replicate polycrystalline
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microstructures (Fig. 6.3 (a)). To optimize computational efficiency, RVEs for FG,
MG, and CG materials were discretized into 300, 150, and 17 grains, respectively, with
element sizes of 0.01 mm (FG/MG) and 0.02 mm (CG). Initial grain orientations,
defined by Euler angles extracted from experimental EBSD data (Fig. 6.3 (c)), ensured
alignment between simulated and actual microstructures. Three independent RVE
models per grain size category were simulated under identical compression conditions,

with averaged results ensuring robust parameter calibration.

Fig. 6.3 (a-b) Schematic illustration of the cylindrical RVEs with Voronoi
tessellation: FG RVE with 300 grains; MG RVE with 150 grains; CG RVE with 17
grains. (c) The initial grain orientations of RVEs were extracted from EBSD

analysis.
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In the constitutive models for CuzZn32, the elastic parameters, y§, ]'/f, gf (initial

twinning resistance), a, and b are from our prior work [33]. g§ was offered by Li et

al. [137]:

1 K
g = 5;(0y + ) (12)

Here, yield stress g, is 107 MPa, 85 MPa, and 67 MPa for average grain sizes of
29.7, 63.6, and 154.4 um, respectively. The Taylor factor M = 3.06. The Hall-Petch
coefficient K = 304 MPa-pum'/2 . Moreover, the remaining parameters were
calibrated by minimizing the differences between the simulated and the experimental
results from the compression tests. All parameters used in the CPFEM simulations for

this study are summarized in Table 6.1.

Table 6.1 Material parameters for CuzZn32 used in the CPFEM constitutive models.

Cy; (GPa) C1, (GPa) Cas (GPa) 7§ (s 7Y m
145 110 70 0.001 0.001 0.02
gg (MPa) Ipr (MPa) a b n
60 350 5 10 1.25
d (um) g¢ (MPa) gy (MPa) hs (MPa)
29.7 53 390 195
63.6 39 375 190
154.4 29 360 175

The micro-extrusion simulation assembly and boundary conditions are depicted in Fig.
6.4 (a). A 2.5D modelling approach—extending the 2D EBSD data uniformly along
the z-axis with layer thickness matching grain size—was adopted to balance

computational efficiency with microstructural fidelity. As shown in Fig. 6.4 (b-d),
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RVEs for FG, MG, and CG materials were reconstructed at 1:1 scale from EBSD data,
preserving exact grain morphology, position, and orientation distributions. Each z-axis
layer replicated the surface layer structure. The RVEs were meshed with C3D8
elements: FG (38,751 elements, 0.01 mm size), MG (30,384 elements, 0.015 mm),
and CG (57,260 elements, 0.015 mm). Symmetry constraints were applied to the
frontmost layer along the z-axis. Punch motion was simulated by imposing downward
displacement on the top layer, while all RVE elements interacted with the die via a

friction coefficient of 0.12.

Fig. 6.4 Simulation setup for micro-extrusion using a 2.5D modelling approach. (a)
Assembly and boundary conditions for the micro-extrusion simulation. (b-c) RVE
for fine-grained material with 1:1 grain morphology based on EBSD data. (d)
Inverse pole figure (IPF) color map representing the grain orientation distribution

consistent with EBSD results.

130



6.4 Results and discussion

6.4.1 Compressive stress-strain curves

The crystal plasticity model effectively simulated the mechanical response of
materials with varying grain sizes under compression, with simulated stress-strain
curves (Fig. 6.5) aligning closely with experimental results. Yield stress was found to
correlate directly with initial slip resistance, increasing as this parameter rose, while
post-yield strain hardening behaviour depended on both the initial hardening rate and
saturated slip resistance across slip systems. Notably, true strain increased as grain size
decreased, consistent with the grain SE observed in micro/meso-scale materials. This
phenomenon stems from finer grains accumulating higher densities of GNDs at
boundaries, which impede dislocation motion and amplify strain hardening, thereby
elevating flow stress. The results validate the model’s capability to capture
microstructure-property relationships, particularly the role of GNDs in mediating
grain size-dependent deformation, and underscore the critical influence of grain
boundaries on mechanical behaviour—essential for designing microformed
components with tailored performance. This effect is further supported by studies on
copper [94], steel [193], and titanium alloys [194], where finer grains demonstrate
enhanced strength and strain hardening capabilities, primarily attributed to the
elevated resistance encountered by dislocations during deformation. The results also
highlight the importance of accurately capturing the initial grain orientation and
morphology using EBSD data. This ensures that the simulated microstructure closely
matches the experimental conditions, thereby improving the reliability of the

simulation results.
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Fig. 6.5 Stress-strain curves obtained from compression tests and simulations for
materials with different grain sizes. The curves demonstrate a high degree of
consistency between experimental and simulated results, highlighting the accuracy of

the calibrated crystal plasticity model.

Fig. 6.6 presents the stress and strain distribution maps obtained from CPFEM
simulations of compression tests. These maps provide valuable insights into the
deformation mechanisms at the microscale. Fig. 6.6 (a) shows the Mises stress
distribution map, which highlights regions of stress concentration. At the microscale,
stress concentration typically indicates areas where plastic deformation is likely to
initiate first. In this study, high stress is observed at grain boundaries, particularly at
the four corners and the central region of the material interface. This pattern can be
attributed to the geometric discontinuities and the complex interaction between grains
during compression. Grain boundaries, especially triple junctions and corners, act as
stress concentrators due to their inherent structural complexity and the mismatch in
deformation mechanisms between adjacent grains. Fig. 6.6 (b) illustrates the

equivalent strain distribution map, revealing that strain concentration regions differ
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slightly from high-stress areas. This discrepancy arises because strain accumulation
depends not only on stress but also on the material’s resistance to deformation, which
varies across slip systems. Additionally, the strain distribution is affected by the initial
grain orientation and morphology, as captured by the EBSD data used in the simulation.
Under the same colormap legend, the low-strain area decreases with larger grain size,
attributed to grain SE: reduced grain boundary influence in coarser grains promotes
more uniform deformation. Low-strain regions are predominantly located near the
surface layers, such as the top, bottom, and sides of the material. This results in a
central region with higher strain, forming an "X" pattern. This pattern suggests that
the material experiences higher compressive forces and more complex interactions
between grains in this region. The findings from the CPFEM simulations are consistent
with previous studies on the deformation behaviour of polycrystalline materials,
highlighting the importance of grain size and grain boundary interactions in
determining the mechanical response. The calibrated crystal plasticity model thus
provides a robust framework for predicting deformation mechanisms and identifying

microstructure evolution in materials with varying grain sizes under micro-extrusion.

Fig. 6.6 Stress and strain distribution maps obtained from CPFEM simulations of
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compression tests. (a) Stress distribution highlighting regions of stress concentration.
High stress is observed at grain boundaries due to geometric discontinuities and the
mismatch in deformation mechanisms between adjacent grains. (b) Equivalent strain
distribution map. Low-strain regions decrease with increasing grain size,
concentrating near the surface layers and forming an "X" pattern in the central

region, indicative of deformation localization.

6.4.2 Analysis of quasi-in-situ EBSD results in micro-extrusion

6.4.2.1 Grain morphology evolution

In the micro-extrusion process, significant material deformation leads to substantial
evolution in the microstructure, particularly in grain morphology. Figs. 6.7-6.9
illustrate the grain morphology and grain size changes observed by EBSD for

materials with different initial grain sizes at 0%, 50%, and 100% extrusion stages.

Fig. 6.7 (a) shows the grain morphology evolution of the FG material during micro-
extrusion. Initially, the material has a relatively uniform grain structure with an
average grain size of 29.7 um. As extrusion progresses to 50%, the lower half of the
material forms a trapezoidal shape due to the transition zone connecting the initial and
extrusion channels in the die design. By the end of the extrusion process (100%), the
material below the transition zone is fully extruded into a 0.5 mm diameter channel,
forming the extrudate. Fig. 6.7 (b) presents the grain size distribution changes during
extrusion. The EBSD analysis reveals significant grain refinement, with an increase in
grain count and a decrease in average grain size. Initially, grains smaller than 20 um
account for only 43.8% of the total grains. As extrusion progresses, this fraction
increases to 73.0% at 50% extrusion and 87.7% at 100% extrusion. This trend is

attributed to the dynamic recrystallization and sub-grain formation during deformation.
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Larger grains, initially present in the range of 40-80 um, are significantly fragmented,
with virtually merely no grains larger than 40 um remaining after full extrusion. The
average grain size decreases from 29.7 to 17.5 pum at 50% extrusion and further to 12.5
pum at 100% extrusion. The observed grain refinement is consistent with the Hall-Petch
effect, which suggests that smaller grains enhance material strength by increasing
dislocation density and impeding dislocation movement. However, the grain size
reduction does not continue indefinitely, as further refinement would require multiple
deformation passes, such as in the Equal Channel Angular Pressing (ECAP) process.
The substantial increase in grain count (by a factor of 5) after extrusion indicates
significant sub-grain formation. However, this does not necessarily imply the presence
of numerous fine grains, as EBSD may interpret sub-grains or fine twins as separate
grains. The grain morphology changes observed by EBSD highlight the localized
deformation behaviour during micro-extrusion. The fragmented grains and the
formation of sub-grains indicate that deformation is concentrated in specific regions,
particularly near grain boundaries and within larger grains. This localized deformation
leads to strain hardening and grain refinement, which are essential for understanding

the mechanical behaviour of materials under severe plastic deformation.
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Fig. 6.7 Grain morphology evolution and grain size distribution of fine-grained (FG)
material during micro-extrusion observed by EBSD. (a) Grain morphology at 0%,
50%, and 100% extrusion stages, showing significant deformation and grain
refinement. (b) Grain size distribution changes during extrusion, highlighting the
increase in small grains (<20 pm) and the fragmentation of larger grains. The

average grain size decreases from 29.7 um to 12.5 pm.

By comparing the materials with different initial grain sizes in Figs. 6.7-6.9, several
notable grain SEs are observed during the micro-extrusion process. These effects
provide valuable insights into the deformation behaviour and microstructural
evolution of materials under severe plastic deformation. The extrudate length of FG
material is slightly longer than that of MG material. This difference can be attributed
to two main factors. First, the FG material exhibits more extensive grain fragmentation
in the extrudate region, while many grains in the MG material are elongated axially
without significant fragmentation. This suggests that larger grains act as barriers to
whole deformation, limiting the material's ability to flow uniformly. Second, the

surface layer grains in the FG material have a smaller area of grains in contact with
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the die compared to those in the MG material. Despite the use of lubricating oil,
friction still affects the material flow. The larger area of grains in contact with the die
in the MG material generates more upward frictional forces, restricting the downward

flow of material.

Fig. 6.8 Grain morphology evolution and grain size distribution of medium-grained
(MG) material during micro-extrusion observed by EBSD. (a) Grain morphology at
0%, 50%, and 100% extrusion stages. (b) Grain size distribution changes during

extrusion.

As shown in Figs. 6.7-6.9 (b), the fraction of grains in the smallest size range (0-10%
of max grain size) increases with grain size during deformation, indicating that larger
grains are more prone to fragmentation, with newly formed grain sizes largely
independent of the original size. This fragmentation is driven by high strain gradients
and dislocation density, leading to sub-grain formation and dynamic recrystallization,
consistent with prior studies where larger grains fragment under severe plastic
deformation. The FG material’s average grain size decreases to 42.1% of its initial

value, compared to 22.8% (MG) and 19.1% (CG), showing CG materials undergo
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more effective microstructure refinement. While final grain size still correlates with
initial size, the narrowing difference highlights CG’s superior refinement efficiency
due to higher strain accumulation capacity. This aligns with the Hall-Petch effect,
where smaller grains enhance strength via dislocation density and motion resistance.
The observed grain SEs highlight the importance of initial grain size in determining
the deformation behaviour and microstructural evolution during micro-extrusion.
These findings provide a foundation for optimizing micro-extrusion processes to
achieve the desired mechanical properties and microstructures in materials with

varying initial grain sizes.

Fig. 6.9 Grain morphology evolution and grain size distribution of coarse-grained
(CG) material during micro-extrusion observed by EBSD. (a) Grain morphology at
0%, 50%, and 100% extrusion stages. (b) Grain size distribution changes during

extrusion.
6.4.2.2 Grain orientations evolution

The phenomenon of grains aligning and arranging along specific directions, leading
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to non-uniform statistical distribution, is known as preferred orientation or texture.
Plastic deformation can significantly alter grain orientations and, consequently, the
texture of the material. The evolution of crystalline orientation during micro-extrusion
is illustrated in Figs. 6.10-6.12. Fig. 6.10 shows the PFs of the FG material at 0%, 50%,
and 100% extrusion stages. Initially, the grain orientations are relatively uniformly
distributed. However, as extrusion progresses to 50%, the orientations begin to
concentrate, with a notable pole forming near the centre of the {111} PF. Additionally,
two other regions of orientation concentration emerge. This trend is more intuitively
observed in Fig. 6.7 (a), where the blue regions (indicating specific orientations)
become increasingly prominent in the transition zone and extrudate. As a result, the
{111} planes of most grains become parallel to the sample surface. The maximum
texture intensity of the {111} pole reaches approximately 2.6 times that of a random
orientation distribution. Upon completion of extrusion, a single pole is observed at the
north pole of the {111} PF, with the maximum texture intensity increasing to 4.2 times
that of the random orientation distribution. This indicates a significant convergence in
grain orientation as the material is extruded. The observed texture development is
consistent with previous studies on severe plastic deformation processes, where grain

orientations tend to align with the deformation direction to accommodate strain [195].
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Fig. 6.10 Evolution of grain orientation distribution in FG material during micro-
extrusion, as observed by EBSD. PFs show the grain orientation changes at 0%,
50%, and 100% extrusion stages. Initially, grain orientations are relatively uniform,
but as deformation progresses, orientations begin to concentrate. At 50% extrusion, a
distinct pole forms near the centre of the {111} pole figure, with additional regions
of orientation concentration emerging. By 100% extrusion, the {111} pole converges
towards the extrusion direction (ED), with a maximum texture intensity of 4.2 times

that of a random orientation distribution.

The evolution of texture during micro-extrusion can be attributed to several
mechanisms. First, the high strain gradients during deformation lead to lattice
reorientation, where grains with orientations favourable for slip and deformation are

more likely to deform plastically. This results in alignment of crystallographic planes
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parallel to the deformation plane. Second, grain boundary migration driven by
curvature and dislocation energy contributes to texture development. As grains
fragment and new grains form via dynamic recrystallization, their orientations adapt
to the deformation environment. Initial grain size plays a key role: FG materials
exhibit sharper textures due to higher stored energy and boundary density, while CG
materials show weaker textures from lower stored energy and fragmentation-driven
recrystallization. This is because smaller grains have higher dislocation densities and
are more susceptible to deformation-driven reorientation. In contrast, larger grains
may undergo more localized deformation without significant orientation changes,

resulting in weaker texture development.

Fig. 6.11 Evolution of grain orientation distribution in MG material during micro-
extrusion, as observed by EBSD. PFs show the grain orientation changes at 0%,

50%, and 100% extrusion stages.
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By comparing the texture evolution in Figs. 6.10-6.12 for materials with different
initial grain sizes, similar trends in grain orientation changes are observed. For
example, in the {111} pole figure., three distinct orientation concentration regions
emerge at 50% extrusion for all materials. By 100% extrusion, these orientations
converge towards the poles (either the north or south pole), indicating a significant
alignment of crystallographic planes parallel to the extrusion direction. However,
differences arise in the CG material due to its fewer grain numbers compared to the
other two. This scarcity of grains leads to more significant blank regions in the pole
figure. and a higher degree of orientation concentration. Specifically, the maximum
texture intensity in the CG material reaches 6.1, significantly higher than those
observed in FG and MG materials. The higher texture intensity in the CG material can
be attributed to several factors. First, fewer grains mean that each grain has a more
significant volume fraction, making them more influential in the overall texture
development. As these larger grains deform, they tend to align more uniformly along
the extrusion direction, leading to a stronger texture. Second, the fewer grain
boundaries in CG materials result in less complex interactions between grains,
allowing for more pronounced orientation convergence. In contrast, FG and MG
materials exhibit more uniform texture development due to their higher grain numbers
and more complex grain boundary interactions. These interactions distribute the
deformation more evenly, preventing the formation of extremely high texture

intensities.

142



Fig. 6.12 Evolution of grain orientation distribution in CG material during micro-
extrusion, as observed by EBSD. PFs show the grain orientation changes at 0%,

50%, and 100% extrusion stages.

6.4.2.3 KAM distribution evolution

Kernel Average Misorientation (KAM) is a measure of the local misorientation within
grains, reflecting the distribution of GNDs in the material. KAM values are closely
related to dislocation density, which in turn is influenced by deformation and strain
distribution. Higher KAM values indicate greater internal strain and dislocation
density, suggesting more significant deformation within the material. As shown in Fig.
6.13 (a-c), the KAM values increase with strain during micro-extrusion. This trend
indicates that plastic deformation induces greater internal strain and dislocation

density within each grain. For all grain sizes, the average KAM values rise as the
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deformation progresses, highlighting the increasing complexity of deformation within
the material. At 50% extrusion, a triangular region with low KAM values (<1°)
appears in the central lower part of the material. This region corresponds to areas
where deformation is less pronounced, due to the material’'s flow being constrained by
the die geometry. This observation suggests that deformation is not uniformly

distributed, with some regions experiencing more strain than others.

Fig. 6.13 Evolution of Kernel Average Misorientation (KAM) values during micro-
extrusion. KAM distribution maps and values for (a) fine-grained, (b) medium-
grained, and (c) coarse-grained material in micro-extrusion processes. (d) Statistical
analysis of KAM values in the final extruded products. The average KAM values

and their distribution are nearly identical across different grain sizes.

Initial undeformed materials exhibit lower KAM values, which decrease with larger

grain sizes. This trend arises because larger grains possess fewer grain boundaries,
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reducing barriers to dislocation motion. Consequently, larger grains tend to
accumulate fewer dislocations under the same deformation conditions. In contrast, FG
materials show a higher proportion of regions with very low KAM values (<0.2°). This
phenomenon is particularly evident in FG materials, where smaller grains are
"protected” by surrounding grains during deformation, resulting in minimal internal
strain. The KAM maps reveal that FG materials have a more heterogeneous
deformation distribution, with some grains experiencing significant deformation while
others remain relatively undeformed. The final KAM values in the extruded products
are summarized in Fig. 6.13 (d). The average KAM values and their distribution are
nearly identical across different grain sizes, indicating that micro-extrusion effectively
homogenizes the internal strain distribution. This result suggests that the micro-
extrusion process can eliminate the initial differences in KAM values, leading to a

more uniform deformation state in the final product.

6.4.3 Micro-stress and strain evolution and mechanism in micro-extrusion

The evolution of micro-stress and strain during micro-extrusion is shown in Fig. 6.14.
Fig. 6.14 (b) (CPFEM-simulated micro-stress) reveals high-stress concentrations at
grain boundaries in the extruded region at 50% extrusion, reflecting stress
heterogeneity caused by grain boundaries impeding dislocation motion. Fig. 6.14 (a)
(equivalent plastic strain) demonstrates strain nucleation at grain boundaries, with
strain heterogeneity intensifying as deformation progresses, indicating pronounced
strain localization. For the extrudate, strain decreases from the sides in contact with
the die towards the centre. This trend is observable from the grain morphology in the
simulation results, where grains narrow from the centre to the sides, especially in FG
and MG materials. This phenomenon suggests that grains closer to the die experience

greater deformation due to higher compressive forces.
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Fig. 6.14 Evolution of micro-stress and strain during micro-extrusion. (a) Equivalent
plastic strain distribution at 50%, and 100% extrusion stages for various grain sizes.
(b) Micro-stress distribution at 50%, and 100% extrusion stages for various grain
sizes. (c) Comparison of the grain orientations distribution between EBSD and

CPFEM simulations.

Since the length-to-diameter ratio of the extrudate in this study is not large, distinct
trends are observed in the axial direction. To investigate this, three points along the
transverse direction (P2, P4, P5) and three points along the axial direction (P1, P2, P3)
were selected for FG material to track stress paths and explore the heterogeneity of
material deformation during micro-extrusion, as shown in Fig. 6.15 (a). It should be
noted that the stress data obtained at each point represent the average of three nearby
points. Fig. 6.15 (b) shows the stress paths for axial points P1, P2, and P3. P3, located
at the centre of the lower edge of the material, experiences stress activation earliest
(10%) due to initial contact with the transition channel during extrusion. This region
undergoes inward compression, and frictional forces restrict the downward movement

of grains, leading to early lateral stress on P3. By 50% extrusion, P3 and its
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neighbouring grains have entered the extrusion channel, and subsequent downward
movement is less influenced by lateral compression, resulting in minimal stress
increase. In contrast, P2 and P1 continue to experience axial and lateral compressive
forces, leading to a steady rise in micro-stress. Notably, the micro-stress at P1 exceeds
that at P2 at 60%, indicating that P2 is about to enter the extrusion channel, relieving
lateral pressure. Fig. 6.15 (c) shows the stress paths for transverse points P2, P4, and
P5. Stress generally increases from the centre outward, consistent with the mechanism
that grains closer to the die experience greater deformation. Unlike the relatively stable
stress path at P2, P4 and P5 exhibit significant stress fluctuations after entering the
extrusion channel at different times. These fluctuations are attributed to changes in the

direction and magnitude of compressive forces as these grains enter the channel.

Fig. 6.15 Stress path analysis during micro-extrusion. (a) Schematic illustration of

selected points for stress tracking: transverse points (P2, P4, P5) and axial points
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(P1, P2, P3). (b) Stress paths for axial points P1, P2, and P3. P3, located at the centre
of the lower edge, experiences early stress activation due to initial contact with the
transition channel. Stress at P1 exceeds P2 at 60% extrusion, indicating relief of
lateral pressure as P2 enters the extrusion channel. (c) Stress paths for transverse
points P2, P4, and P5. Stress increases from the centre outward, with significant

fluctuations at P4 and P5 as they enter the extrusion channel at different times.

6.4.4 Microstructure evolution in micro-extrusion

By integrating EBSD and CPFEM results (Fig. 6.16), the microstructural evolution of
FG material during extrusion is systematically analysed. The CPFEM-derived
equivalent plastic strain maps and grain boundary distributions, combined with EBSD
orientation maps, reveal two shear bands along the extrudate sides—regions of intense
plastic deformation, grain fragmentation, and material flow. These bands correlate
with high-strain zones in simulations and EBSD-observed fragmented grains.
Additionally, two dead metal zones (DMZs) are identified: the first in the extrudate
centre, characterized by larger grains and lower strain due to minimal deformation,
and the second at the extrudate base, where coarse grains and minimal strain reflect
restricted material flow. CPFEM simulations align with EBSD data, demonstrating
how grain boundaries (barriers to dislocation motion) drive strain localization and
grain refinement in shear bands. The results highlight the interplay between grain size,
strain heterogeneity, and deformation constraints, with FG materials exhibiting
pronounced shear band refinement and DMZ formation due to higher grain boundary
density and dislocation accumulation. Grains in this region exhibit two characteristics:
(1) lateral deformation is less pronounced compared to the material on the sides, while
longitudinal deformation is significant, and (2) strain accumulation is relatively low.

The second DMZ is situated at the very bottom of the material, marked by the blue
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regions in the strain map. This region undergoes minimal deformation, as evidenced
by the minimal changes in grain structure and the lowest strain accumulation. Once
this part of the material enters the extrusion channel, it experiences almost no further

deformation.

Fig. 6.16 EBSD and CPFEM results for (a) fine-grained, (b) medium-grained, and
(c) coarse-grained material. An equivalent plastic strain map from CPFEM
simulation shows two distinct shear bands on the sides of the extrudate, which are
characterized by high strain accumulation and grain refinement. Grain boundary
distribution map highlights the smaller grain sizes within the shear bands due to
intense deformation. (c) The orientation distribution map from EBSD showing

fragmented grains within the shear bands. Two DMZs were found in the central and
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lower regions of the extrudate, where deformation is minimal.

By comparing simulation and experimental results across grain sizes, several grain
SEs on microstructural evolution are identified: FG materials exhibit higher stress due
to increased grain boundary density impeding dislocation motion, yet equivalent
plastic strain maps reveal that the two shear bands with high strain accumulation
intensify with coarser grains (CG > MG > FG), as reduced grain boundary interactions
in larger grains promote localized deformation. Concurrently, DMZ size decreases
with increasing grain size, attributed to longer-range strain transmission in CG
materials where fewer grains enable persistent interactions, distributing deformation
more uniformly and shrinking DMZs—reflecting enhanced strain homogeneity in

coarser-grained materials.

To further investigate the mechanisms of microstructural evolution in the extrudate,
several points were selected for position tracking during micro-extrusion, as illustrated
in Figs. 6.17 and 6.18. The selected points ultimately reside within the extrudate.
Initially, 27 points were distributed along three equidistant horizontal lines (L1, L2,
and L3), with nine points evenly spaced along each line, as shown in Fig. 6.17. The
relative positions of each point with respect to its neighbours were tracked to
determine the deformation behaviour and microstructural evolution within different
regions of the material. For FG material, at 50% extrusion, the points on the sides of
L3 lag behind the downward movement of other points due to friction and lateral
compression. This results in a complex bending of L2, characterized by rapid
downward movement of the central points and slower movement of the points near
the sides. Upon completion of extrusion, the central point on L1 has just entered the
extrusion channel, while the points towards the sides are progressively higher. L2

exhibits a similar trend, with the outermost points located at the interface between the
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extrudate and the remaining material. L3 shows a more pronounced downward convex
curvature, with the outer five points in contact with the die and the central points

forming an arc.

Fig. 6.17 Schematic illustration of the initial point distribution for tracking
microstructural evolution during micro-extrusion. The initial configuration of 27
points distributed along three equidistant horizontal lines (L1, L2, and L3). The
points are used to monitor deformation behaviour and microstructural changes in

different regions of the extrudate. Evolution of point positions during micro-

extrusion for FG material.

Fig. 6.18 presents the relative position changes of the 27 points in MG and CG
materials. Comparing the position maps across different grain sizes reveals that the
downward curvature of the lines increases with decreasing grain size, resulting in
longer extrudate lengths. This trend is consistent with the observation that smaller
grains experience more localized deformation and higher strain accumulation. The
deformation behaviour can be categorized into three distinct zones: the interior zone
(1Z2), the transition zone (TZ), and the surface zone (SZ). In the 1Z, material

experiences significant longitudinal stretching but minimal lateral compression, which
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is where the dead metal zone (DMZ) is primarily located. The TZ exhibits similar
longitudinal stretching to the 1Z but undergoes more severe lateral compression and
some degree of rotation. The SZ, located at the outermost region, experiences the least
longitudinal stretching, the most severe lateral compression, and the most significant
rotation. These regional deformation characteristics are attributed to the interplay
between grain size and deformation mechanisms. Smaller grains in FG material
facilitate more localized deformation and higher strain gradients, leading to more
pronounced bending and longer extrudate lengths. In contrast, larger grains in CG
material result in more uniform deformation and reduced strain localization, leading
to shorter extrudate lengths and smaller DMZs. This behaviour aligns with previous
discussions on microstructural evolution during severe plastic deformation,
highlighting the significant role of grain size in influencing deformation mechanisms

and microstructural evolution

Fig. 6.18 Evolution of point positions during micro-extrusion for MG and CG

materials.

6.5 Summary

This chapter innovatively integrates quasi-in-situ EBSD and CPFEM simulations to

investigate microstructural evolution and deformation mechanisms during micro-
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extrusion. The combined approach provides a comprehensive understanding of the

relationship between grain size, deformation behaviour, and microstructural changes

under severe plastic deformation. The key findings are summarized as follows:

1)  The integration of quasi-in-situ EBSD and CPFEM offers a novel framework for
analyzing microstructural evolution, enabling real-time tracking of grain
orientation and deformation behaviour. However, CPFEM has inherent
limitations, including computational cost at high mesh resolutions and
challenges in accurately capturing dynamic recrystallization and grain boundary
sliding mechanisms.

2)  FG materials exhibit stronger strain localization and less grain refinement than
MG and CG materials due to higher dislocation density and grain boundary
interactions. While CPFEM effectively captures dislocation-based hardening, it
may not fully account for size effects at extremely fine grain scales (<1 um),
where additional mechanisms become dominant.

3) FG materials show more pronounced texture evolution, indicating higher
susceptibility to deformation-induced reorientation. The heterogeneous
distribution of plastic strain and stress aligns with experimental observations,
but CPFEM’s reliance on crystal plasticity constitutive laws may oversimplify
local stress states near grain boundaries, where experimental uncertainties (e.g.,
residual stresses) play a significant role.

4)  High stress/strain concentrations at grain boundaries and die-contact regions are
well-predicted, but CPFEM’s assumption of idealized grain morphologies may
not fully replicate real microstructural complexities, such as irregular grain

shapes and non-uniform grain boundary properties.

This study highlights the critical role of grain size in micro-extrusion deformation

behaviour while acknowledging CPFEM’s limitations in capturing ultra-fine-grained
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effects and complex grain boundary phenomena. Future work should incorporate
advanced constitutive models (e.g., phase-field or discrete dislocation dynamics) to
improve predictions at smaller length scales. Despite these limitations, the CPFEM-
EBSD framework provides valuable insights for optimizing micro-extrusion processes,

enhancing material performance, and guiding further research in meso/micro-forming.
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Chapter 7 Conclusions and future research

7.1 Conclusions

This thesis establishes that size effects in meso/micro-forming arise not merely from
geometric scaling but from fundamental competitions between constrained surface
grains and interior grains, slip versus twinning deformation modes, and variations in
initial crystallographic textures. Through integrated CPFEM-EBSD analysis of
progressive forming processes, we demonstrate that surface grains impose mechanical
constraints on interior grain displacement, amplifying strain heterogeneity and directly
governing cavity-filling efficiency and dimensional accuracy. These multi-axial
interactions explain why conventional scaling laws fail to predict anomalies like
thickness reduction scatter or load-grain size inversion observed in micro-deep

drawing and extrusion.

The developed CPFEM-CZM framework successfully normalizes these size effects
across diverse geometries—from micro-embossed features to hexagonal sockets and
gear shafts—by embedding crystal plasticity theory into its constitutive foundation.
This approach eliminates the need for empirical re-verification of size effects for
geometrically similar components, as simulations intrinsically capture texture-driven
anisotropy and grain-boundary interactions. Validated against tensile tests and in-situ
EBSD data, the framework predicts grain-size-dependent forming loads within 8%
error and thickness distribution trends with 90% accuracy, establishing a universal

computational basis for microstructure-sensitive process design.

Quantitative comparisons reveal CPFEM’s supremacy over conventional FEM in

predicting size-effect phenomena. Where conventional FEM ignores grain-level
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heterogeneity, CPFEM resolves dead metal zones, shear band formation, and texture
evolution correlated with EBSD observations. However, this fidelity incurs extreme
computational costs—simulations require 100x more resources than coupled
Eulerian-Lagrangian (CEL) methods—Ilimiting industrial deployment. Crucially, CEL
emerges as a viable alternative for bulk deformation prediction, but only CPFEM
captures the slip-twinning competitions and surface-interior grain interactions that

define meso/micro-forming quality.

Limitations persist in modelling ultra-fine grains (<1 um) where dynamic
recrystallization and non-ideal grain boundaries dominate. Our quasi-in-situ EBSD
studies confirm CPFEM’s underestimation of residual stresses near grain boundaries
in fine-grained materials, reflecting oversimplified boundary conditions. Future work
must integrate phase-field dislocation dynamics and machine learning-calibrated
hardening laws to address these gaps. Nevertheless, the demonstrated normalization
of size effects through crystal plasticity theory provides a transformative pathway

toward generalized predictive models.

This thesis redefines size-effect management in precision manufacturing: rather than
treating each component as unique, engineers can leverage this CPFEM framework to
derive microstructure-informed forming guidelines for entire geometric families. This
thesis shifts meso/micro-forming theory from phenomenological scaling to
microstructure-driven predictability. By unifying texture, grain constraints, and
deformation competitions into a scalable simulation paradigm, we enable targeted
optimization of die design, grain size selection, and process parameters—accelerating
the industrial adoption of meso/micro-forming technologies for high-value

applications.
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7.2 Suggestions for future research

1)  Computational efficiency enhancement

To broaden CPFEM's applicability in industrial settings, future research should
prioritize enhancing its computational efficiency. This can be achieved through the
development of more efficient algorithms that leverage parallel computing
architectures, enabling the distribution of computational tasks across multiple
processors or clusters. Additionally, exploring simplified models or surrogate models
that approximate CPFEM's accuracy with reduced computational overhead could be
beneficial. These efforts would make CPFEM more accessible for real-time
simulations and iterative design processes, facilitating its adoption in manufacturing

industries where rapid prototyping and quick turnaround times are essential.

2) Integration with multi-physics models

The forming processes studied can be further enriched by integrating CPFEM with
multi-physics models. For example, incorporating thermal models would allow the
simulation of temperature-induced phase transformations and their impact on material
behaviour during forming. Electrical and magnetic models could be relevant for
electroplating or magnetic forming processes, where external fields influence material
deformation. This multi-physics integration would expand CPFEM's scope to multi-
functional material systems, enabling the simulation of coupled phenomena and
opening avenues for innovative manufacturing techniques that combine forming with

other physical processes.

3)  Advanced fracture modelling

While the CPFE-CZM method has shown promise, further refinement of fracture
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models within the CPFEM framework is necessary. This includes exploring more
sophisticated damage mechanics and fracture criteria that can accurately predict
material failure under diverse loading conditions and microstructural configurations.
Incorporating microstructure-sensitive fracture models that consider grain boundary
effects, precipitate distributions, and phase transformations would enhance the
method's predictive capabilities. Such advancements are crucial for applications
involving high-stress environments or brittle materials, where precise fracture

prediction is vital for ensuring component reliability and safety.

4)  Material database development

The successful application of CPFEM relies heavily on comprehensive material data.
Future efforts should be directed towards building extensive databases of material
properties, including crystallographic information, constitutive parameters, and
texture data for various materials. Collaborative initiatives between academia and
industry could facilitate data sharing and standardization, ensuring that the material
databases are robust, reliable, and widely applicable. This resource would significantly
enhance the accuracy and reliability of CPFEM simulations across different material
systems, reducing the need for extensive experimental calibration for each new

material.

5)  Process optimization and control

The insights gained from CPFEM simulations can be leveraged for optimizing
forming processes. Future research could involve developing automated optimization
frameworks that utilize CPFEM predictions to determine optimal process parameters,
tool geometries, and sequences. Machine learning techniques could be integrated to

analyse simulation data and identify patterns that guide the optimization process. This
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would enhance the quality and efficiency of micro and meso forming operations,
minimizing material waste, reducing production costs, and improving overall

manufacturing sustainability.

6)  In-situ and real-time monitoring

Extending the quasi-in-situ EBSD approach to real-time monitoring during forming
processes would provide continuous feedback for process control. This integration of
experimental techniques with CPFEM simulations could enable dynamic adjustments
based on real-time microstructural and deformation data, improving forming outcomes.
Developing high-speed imaging and data processing techniques would be essential to
achieve this, allowing for immediate analysis and response during the forming process.
This capability would be particularly valuable in industries where material properties

and part quality are highly sensitive to forming conditions.
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