International Journal of Mechanical Sciences 267 (2024) 108971

International Journal of Mechanical Sciences

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ijmecsci

Modelling of grain size effects in progressive microforming using CPFEM

Xu Tong®, Yan Li™", M.W. Fu®"

Check for
updates

& Department of Mechanical Engineering, Research Institute for Advanced Manufacturing, The Hong Kong Polytechnic University, Hong Kong, China
® Thayer School of Engineering, Dartmouth College, Hanover, NH 03755, USA

ARTICLE INFO

Keywords:

Microforming

Crystal plasticity

Grain size effect
Progressive microforming
CPFEM-CZM

Product quality control

ABSTRACT

Progressive microforming is widely recognized as one of the most efficient and desirable methods of mass
production in micromanufacturing arena. To predict the deformation behaviour and size effects of materials
induced in progressive microforming, the finite element method (FEM) employed for modelling the micro-
forming process needs to account for microstructure details and deformation/failure mechanisms of the mate-
rials. This led to the development of the novel crystal plasticity finite element method (CPFEM) and cohesive
zone model (CZM). Previous research and application of CPFEM have been mainly limited to simple de-
formations such as uniaxial tension and compression, whereas the new method can provide physical insights into
how the grain size affects the interplay between crystallographic slip and mechanical twinning in complex
microforming, and further material deformation during sheet blanking. A case study was conducted to manu-
facture a hexagonal socket part using a three-step progressive microforming system, with the comparison be-
tween experiments and CPFEM simulations focusing on microstructure evolution, deformation load, and product
quality. The CPFEM was found to be more reliable than the conventional FEM in predicting complex deforma-
tion, particularly in microstructure and texture evolution, dimensional accuracy and irregular geometries. Re-
sults showed that the total height of the part increases with the decreasing grain size, while the head diameter
rises with grain size. Simulations successfully anticipated the distributions of dead metal zones and shear bands
and identified hole and rollover geometries and corresponding grain size effects. In conclusion, this research
facilitates the understanding of grain size effects on the deformation behaviour in progressive microforming and
presents a novel approach and strategy for modelling, prediction, and product quality assurance in complex
micro deformation and forming processes.

1. Introduction

efficiency and significant time savings [10,11].
Despite its benefits, fabricated components often exhibit significant

Microforming, a deformation-based micro-scaled manufacturing
technique, has emerged as a highly sophisticated and indispensable
technology for making different micro parts and structures, such as
microelectronics, aerospace, and biomedicine, in conjunction with
meeting the ever-evolving demands of human life [1-3]. Among the
various manufacturing methods, progressive microforming has emerged
as one of the most sought-after techniques for mass production [4,5].
Progressive microforming, as the term suggests, involves a series of
sequential forming steps to produce micro-scaled components with
intricate shapes directly from metal sheets [6,7]. This method offers
several notable advantages. Firstly, it overcomes challenges related to
the positioning, transportation, and ejection of both the sheet metal and
the preform [8,9]. Additionally, it streamlines tooling design by
executing multiple operations simultaneously, resulting in enhanced
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scattering in product quality and feature dimensions when the ratio of
initial grain size (d) to sheet thickness varies, as observed in the field of
microforming [12-14]. These size effects (SEs) significantly affect
manufacturing reliability and quality control in terms of loading con-
dition, dimensional accuracy, geometry irregularity, surface quality, etc.
[15-17]. To address this issue, researchers developed many progressive
forming systems to study the SEs through physical experiments. For
instance, Fu and Chan [18,19] developed a three-step progressive
forming process to directly create micro- and meso-hollow flanged
scaled parts. Their findings indicated that finer-grained materials
require a higher forming load and stress, and that material strength is
decreased with increasing grain size, in line with the Hall-Petch relation.
Zhang et al. [20], on the other hand, developed a multi-stage micro-
embossing system using SS 316 L and found similar SEs while making
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Fig. 1. The metallographic images and EBSD grain orientation mappings of the CuZn32 sheets under heat treatment conditions of 450°C—1 h, 600°C—1 h, and
700°C—2 h. The average grain sizes were calculated from the EBSD results as 17.5 pm, 62.1 pm, and 157.7 pm, respectively.

micro channels with various grain sizes. Furthermore, Meng et al. [21]
and Zheng et al. [22] utilized similar four-step progressive microforming
systems to make more intricate parts, including double-flanged and
conical-flanged components. Their studies investigated the grain SEs
and sheet thickness SEs on the dimensional accuracy and geometry ir-
regularity. The results showed a reduction in dimensional accuracy and
surface finish with coarser-grained materials. It is worth noting that the
grain SEs on manufacturing processes and product quality can vary
significantly, depending on the specific component and forming design
employed. For instance, the extrusion length in a flat plunger part in-
creases with grain size [23], while the opposite trend has been detected
in another progressive formed micropart [24]. Consequently, relying
solely on experiments to predict SEs is not a feasible technique due to the
high cost of mass production. Despite the presence of simulations in the
aforementioned literature, particularly the conventional finite element
method (FEM) that utilizes material properties derived from tensile
tests, none of these simulations have been able to provide an accurate
prediction for grain SEs regarding dimensional accuracy and surface
quality. Therefore, in order to accurately predict and mitigate the SEs, it
is crucial to establish an efficient simulation framework specifically
tailored for complex deformations like progressive microforming. This
new framework is indispensable for enhancing the precision of the

microforming process and ensuring the high quality of manufactured
parts. By enabling accurate and stable prediction and simulation during
the initial design phase, the framework supports informed
decision-making regarding micro-part and tooling design, process opti-
mization, and quality control.

The crystal plasticity finite element method (CPFEM) has emerged as
a promising tool to address the complex issues of material deformation
and processing in recent years [25-27]. CPFEM captures important
microscale phenomena, such as crystallographic grain orientations,
dislocation interactions, and material texture, which are critical for
understanding the root causes of property scattering and uncertainties in
manufacturing compared to conventional FEM, which assumes isotropy
at the macroscale level [28-30]. While earlier studies involving CPFEM
focused on investigating deformation mechanism [31,32], in-grain
texture evolution [33,34], and hardening and fracture behaviours [35,
36] by conducting simple tests, such as tension [37], compression [38],
torsion [39], bending [40], its application to understanding deformation
behaviours during progressive microforming is limited. This limitation
is due to the intricate nature of component shape and the inability to
adequately capture critical issues such as significant material flow and
microstructure evolution. Although there have been limited attempts to
use CPFEM to study SEs in complex deformations, progress has been
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Table 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.

made. Cao et al. [41] employed CPFEM to simulate forward extrusion,
while Guo et al. [42] studied the SEs in micro deep drawing via a holistic
model of a TWIP sheet and found consistent results with experiments
and CPFEM simulations. Adzima et al. [43] investigated the springback
behaviour for a micro connector by using two crystal plasticity models,
and Zhang et al. [20] conducted multi-stage sheet microforming simu-
lations. Tong et al. [44] validated the results of the CPFEM in a micro-
embossing process of a multi-channel structure and observed the same
grain SEs in product dimensions and surface quality as in experimental
results. These studies indicate that CPFEM can effectively demonstrate
microstructural evolution and SEs in complex deformations, providing a
basis for further application of this method to the field of progressive
microforming.

In progressive microforming processes using sheet metals, fractures
become inevitable due to the substantial strains involved [45,46]. To
date, most CPFEM work has used element deletion as a method for crack
modelling [47,48]. This approach, however, is prone to numerical
instability or mesh distortion when a large number of elements are
deleted in progressive forming. The cohesive zone model (CZM), which
involves embedding cohesive surfaces along bulk element boundaries as
part of the physical model, offers a better solution [49,50]. A compu-
tational model that integrates CPFEM and CZM offers several advan-
tages and can effectively address the deformation and failure
mechanisms that may not be adequately captured by other approaches.
By specifying constitutive relations for the bulk phases and cohesive
surfaces separately, CPFEM can provide important insights into the ef-
fect of grain size on material properties and deformation mechanisms,
while CZM can explicitly resolve deformation-induced failure mecha-
nisms, thus providing proactive process design guidelines that can
reduce the risk of undesirable failures or defects. In 1993, the combi-
nation of CPFEM and CZM was first proposed by Xu and Needleman [51]
for the research of fracture behaviour in metal matrix material, where
the CZM was applied to model the interface between matrix and in-
clusions. Ten years later, Clayton and McDowell [52,53] conducted a
series of studies on CPFEM-CZM for polycrystalline materials, in which
CZM was used for failure simulation in grain boundaries. Zhao et al.
[54], Ghodrati et al. [55], and Yalginkaya et al. [56] subsequently
applied this technique to analyze intergranular fracture in creep-fatigue,
rolling-fatigue, and tension deformation, respectively. For most metallic
materials, intergranular fracture and transgranular fracture occur
simultaneously. Therefore, Lyu et al. [57] proposed a hierarchical
higher-order multi-scale CZM to simulate fracture and crack propaga-
tion in crystalline solids. They found that the transition from inter-
granular fracture to transgranular fracture was sensitive to both the
grain size and grain strength.

This study proposes a novel CPFEM approach aimed at investigating
and understanding the impact of grain SEs on uncertainties in product
quality and feature dimensions in progressive microforming. This paper
is structured as follows: First, a progressive microforming system that
directly utilizes the CuZn32 sheet is developed, and the prepration of the
materials and uniaxial tensile test are described in Section 2. Next,
Section 3 introduces the CPFEM and CZM method, parameter determi-
nation, and modelling details. In Section 4, the grain SEs on true stress,
forming load, dimensional accuracy, undesirable geometry, and surface
quality are analyzed. Finally, the main conclusions of this study are
summarized in Section 5.

International Journal of Mechanical Sciences 267 (2024) 108971
2. Experimental methodology

The experimental procedure involved preparing the testing material,
conducting uniaxial tensile tests and progressive microforming were
introduced. To investigate grain SEs, heat treatments and microstructure
observations, including microscopy and EBSD, were performed. Mac-
roscope uniaxial tensile tests were then conducted to obtain the me-
chanical responses of the prepared material with various grain sizes.
Finally, a progressive microforming system was developed to fabricate a
hexagonal socket part.

2.1. Testing materials and uniaxial tensile test

To thoroughly investigate the grain SEs, the brass sheet material with
a thickness of 1000 pm was subjected to a range of heat treatments with
varying conditions, including 450°C—1 h, 600°C—1 h, and 700°C—2 h.
Microstructural observations were made through both optical micro-
scopy and electron backscatter diffraction (EBSD), as depicted in Fig. 1.
The composition of the brass CuZn32 sheet is shown in Table 1. The
samples were cut, polished, and then etched for 8-10 s, while those
intended for EBSD examination underwent electrolytic polishing. The
acquisition and analysis of images were executed using the HKL 5-chan-
nel software package in conjunction with the EBSD system, with step
size parameters of 1 ym and 2.5 pm, respectively. Data from the EBSD
tests were utilized in the crystal plasticity model as described in Section
3.1, 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 pm (fine grain -
FG), 62.1 pm (medium grain - MG), and 157.7 pm (coarse grain - CG)
were utilized in both uniaxial tensile tests and the progressive micro-
forming 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. 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. 2(b). The tests were performed at a
strain rate of 0.001 s~ ! at room temperature to determine the correlation
between grain size and the mechanical response of the 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.

2.2. Progressive microforming process

Through progressive microforming, the study fabricated a hexagonal
socket part as shown in Fig. 3(c). Such socket parts with similar geo-
metric configurations are typically produced using turning or extrusion
processes. However, progressive forming has high efficiency and ca-
pacity to produce high-quality products. The tooling system utilized in
the study, as illustrated in Fig. 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 I of the microforming process employed a punch
with a 1 mm radius to effect 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 II, a hexagon socket with 0.25
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Fig. 2. (a) Pole figures of CuZn32 for different initial grain sizes with a reference direction norm to RD-ND section and (b) specimen design for the uniaxial ten-

sile tests.

mm thickness and 0.8 mm diagonal distance was formed via forward
extrusion at the top of the material. Finally, in Step III, 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. Mechanical oil was used as a lubricant on
each interface to reduce friction. The resulting microparts are shown in
Fig. 3(d).

3. Constitutive relations and modelling details

This section introduces a novel CPFEM and CZM method, which
incorporates the effects of slip and twinning on deformation behaviour
in brass materials in the CPFEM part, while the CZM considers the
separation of material. CPFEM parameters were then determined and
validated through the simulations of uniaxial tensile tests. Finally, the
modelling of progressive microforming was introduced using this
method.

3.1. Crystal plasticity constitutive model

The total deformation gradient F, imparted upon a crystalline ma-
terial by means of crystal slip and twinning, can be decomposed into two
constituent parts: the plastic deformation gradient F’ (from slip and
deformation twinning) and the elastic deformation gradient F° (from the
reversible stretching and rotation of the crystal lattice):

F = Fe.Fp — Fe_FIwin.Fslip. (1)

The velocity gradient tensor L can be composed of the elastic
deformation velocity gradient tensor L° and the plastic deformation
velocity gradient tensor I* as:

L=FF'= F.F "4 FF'.FP"F ' =L 4+ I, (2
N’ wa

L=(0-f">"i"m @n)+ > i (m’ an’). 3)
a P

Here I? is contributed by 12 {111} (110) slip systems and 12 {111}

(112) twinning systems [58]. 7* and 7’ denote the shearing rate on the
o slip system and p? twinning system. f = S°f" is the volume fraction
of all twinning systems, which can be calculated by f* = Sf* = S™yP/y™.
In this equation, yﬁ is the calculated shear strain in the Bthtwinning
system, and y" is the reference total twinning shear strain. In FCC ma-
terials, y" = 0.707 [59]. N* and N™ are the numbers of slip and twinning
systems, taking the value of 12. m®n is the Schmid factor.

According to the assumption of Kalidindi [58], only the effects be-
tween twinning and slip systems were considered in the working hard-
ening 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:

1/m
=7 o sign(z”), 4
T/} 1/m
) 7=l ™ <08,
7= °le? (5)

0f" =0.8 or 7 < 0.

Here, y¢ and yj are reference strain rates of slip and twinning. t* and
P 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 [58]. The evolution of g* and g* can be formulated
as:

= h‘;(l ’g) >, (6)
Kt = h:[l +a(f’w)b], %)

g = g0+ g (™)™, (8)
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Fig. 3. The developed progressive microforming setup and the designed and fabricated hexagonal socket part. (a) The progressive microforming system consists 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 CuZn32.
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Fig. 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.

g =ng". 9

Here, h? is the hardening rate and g is the saturated slip resistance.
Following the work of Salem et al. [60] and Kalidindi [61], 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 ot slip system. @, b, and 1|
are material constants. gy is the saturated slip resistance in the absence of
twinning and g, describes the contribution of the Hall-Petch effect.

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 Trac-
tion 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: ma-
terial stiffness, damage initiation criterion, and damage evolution law
[62]. The bi-linear TSL depicted in Fig. 4 encompasses both the elastic
and damage stages. Initially, traction strength linearly builds up as
separation increases. Once it reaches the peak ty, 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 5. In
this study, the maximum nominal stress criterion (MAXS) was chosen as
the damage initiation criterion according to:
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Fig. 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.

Table 2

Elastic constants and hardening parameters of CuZn32 used in the CPFEM.
C11 (GPa) Ci2 (GPa) Ca4 (GPa) ACE) A m
145 110 70 0.001 0.001 0.02
& (MPa) &r (MPa) It b "
60 350 5 10 1.25
d (um) & (MPa) go (MPa) hs (MPa)
17.5 60 400 200
62.1 36 375 190
157.7 26 360 175

1
max ii,i =1. 10)
1 15 1o

Here }, t), 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..

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. 5. The
procedure starts with the calculation of the crystal plasticity component,
including slip and twinning. This calculation serves as a basis for
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Table 3

Parameters used in CZM for various grain sizes.
G? (MPa - mm) G% (MPa - mm) G%. (MPa - mm)
51 138 138
d (um) & (MPa) & (MPa) # (MPa)
17.5 741 277 277
62.1 621 232 232
157.7 513 191 191

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.

For the CPFEM parameters, the elastic parameters were obtained
based on the work of Jia et al. [63] and Chiarodo et al. [64]. Kalilindi
[61] provided the reference values of y¢, 74, g5 (the initial twinning
resistance), a, and b in Eqs. (4)-(7). The initial slip resistance g§ was
calculated based on Li et al. [65]:

International Journal of Mechanical Sciences 267 (2024) 108971

gg=%(ay+%). an

Here, the Taylor factor M = 3.06, and yield stress 6, = 111, 72,
55MPa when the average grain size is 17.5, 62.1, and 157.7 pm,
respectively. K = 304MPa - pm'/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 2.

Key parameters tj and G in CZM were determined based on the
research of Wang et al. [66] and Cai et al. [59]:

1y = 1.3507, and 12)
_K(1-1?)

Ge==" s
Here, of, 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 = 110GPa [67], and Kumar and Misra [68] gave the

CCr sanmaple

Fig. 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.
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“Hrass whedt
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Fig. 7. Modelling of the progressive microforming process using (a) CPFEM and (b) conventional FEM. The simulations were conducted step by step.
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specific stress intensity factor of CuZn32 as K. = 80MPa - m~L. The
damage shear stresses can be calculated via tj =t), =t, /2(1 + v). All
parameters used for the CZM in this research are listed in Table 3.

3.4. Modelling of uniaxial tensile test

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. 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 were determined according to
the actual textures to ensure their compatibility. This dimensional
manipulation improved the computation efficiency and ensured enough
grains were deformed. Furthermore, the grain sizes were averaged as the
same as the mean sizes of corresponding samples. Four simulations were
conducted for each grain size, considering actual textures from the EBSD
results (as shown in Fig. 2(a)) and three sets of random textures for
comparison. The RVEs were modelled with C3D8 bulk elements, and the
periodic boundary conditions were applied to ensure accuracy and
reliability.

3.5. Modelling of progressive microforming process

The progressive microforming process was modeled using both
CPFEM and conventional FEM. 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 quarter of the
deformed sheet was simulated under symmetric boundary conditions. As
illustrated in Fig. 7(b), conventional FEM does not account for micro-
structure details of the CuZn32 sheet. Its constitutive relationship is
directly obtained from uniaxial tensile testing.

For the CPFEM approach, Abaqus software was utilized as the
simulation platform. Resolving microstructure details of the entire sheet
requires very fine mesh and is therefore impractical for structural scale
analysis due to the high computational cost. Therefore, the sheet was
modelled by a combination of different zones and different simplifica-
tion 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. 7(a).
The detailed models of the inner regions of the brass sheet are illustrated
in Fig. 8. The models of the inner regions with the grain size of 17.5,
62.1, and 157.7 pm were simplified into 1/360, 10/360, and 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
CuZn32 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 3.1, and the actual texture was
assigned to the materials. Like the modelling approach described in
Section 3.4, 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. 8. The consistency of the EBSD formation and the simulation
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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 cannot simply be set as full-field or only on grain
boundaries, as the two approaches may result in substantial discrep-
ancies and inaccuracies in simulation results. In this study, cohesive
zones were established between elements within the RVEs by consid-
ering both intergranular and transgranular fractures. This is because the

fracture was only observed within the punch and die contact area during
the experiment. Therefore, it is not necessary to embed cohesive ele-
ments in other regions where fracture is not likely to occur, as it reduces
computational costs without compromising accuracy. C3D8 and
COH3D8 were assigned for the bulk elements and cohesive elements,
respectively. The shear friction model (f; = pp) 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. 11. The deformed results (strain at 0.4) of RVEs 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.
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Fig. 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 Eq. (14). The metallographic
images of the cross-section of the parts indicate the important material flow behaviour and microstructure evolution.

4. Results and discussion

This section analysed the prediction accuracy and feasibility of the
newly established CPFEM model by comparing simulated and experi-
mental results in terms of the effects of grain size on the mechanical
response of the material, load-stroke relations in progressive micro-
forming, and product quality of fabricated parts. This comparison
allowed for an assessment of the effectiveness of the CPFEM in accu-
rately predicting complex deformation and failure behaviour in the
progressive microforming process.

4.1. Size effect in tensile test simulation

As depicted in Fig. 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, the coarser-grained speci-
mens were found to be more brittle as the fracture strain decreased with
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increasing grain size. In CuZn32 microstructure, deformation twinning
plays a crucial role, as it is a typical FCC metallic material with low
stacking fault energy [69]. In the initial stages of deformation, speci-
mens 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. 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 [70]. Fig. 10 compares the true stress-strain curves for
various grain sizes. A close match between simulation and experiment
results was found for samples with real textures. Simulation results for
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FG sample.

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.

The deformed microstructure and the distribution of von Mises stress
resulting from the tensile test simulation are depicted in Fig. 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. 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. Sec-
ondly, 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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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 [71]. 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 [72,73]. During
microforming, correlations between load and stroke in hexagon socket
parts with various grain sizes in the three steps are illustrated in Fig. 12
(a-c). In this work, the average results of three sets of repeated exper-
iments 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.

It can be observed from Fig. 12(a) that the load in Step I is signifi-
cantly greater compared to the subsequent two steps, with a difference
in maximum value as much as a dozen-fold. During Step I, which in-
volves 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. 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 to 0.15 mm.
Subsequently, the load increases linearly to a range of 2100-2300 N. For
the simulation results, a steep increase occurs in the last 0.02 mm stroke,
while the maximum load is below 2000 N. Step III necessitates the full
extraction of the part from the die tunnel, resulting in a much greater
stroke compared to the first two steps according to Fig. 3(b). During Step
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MG sample.

111, 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 tens of Newton.
Therefore, an effective stroke from O to 0.4 mm is enough for the
analysis. As shown in Fig. 12(c), the load first rises in step III and then
experiences a slow increase and decrease during the continuous blank-
ing 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, 2269 N from Step II, and 220 N from
Step III. The CPFEM yields a similar prediction of (13,317+1828+355=)
15,500 N. This suggests that the new method can accurately predict the
load limit.

The load-stroke curves exhibit various grain size effects. 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 4.1 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 [74] found that the fracture strain in brass materials
(CuZn30) linearly decreased with d~'/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. [23] reported that the
load-stroke curves in CuZn35 flat pogo pins with larger initial grain sizes
(71 and 107 pm) were the same compared to smaller grain sizes. This

13

indicates that there exists a threshold 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 ma-
terial tends to be greater but is quickly surpassed by that of fine-grained
material when the stroke is less than 0.15 and 0.1 mm for Step I and III,
respectively. This can be attributed to the difference in yield strain
among different grain sizes. According to Li et al. [75], who synthesized
the grain size effect on yield strain for brass CuZn30 material, there is an
increase in yield strain from approximately 1.95 x 107 to 2.2 x 107>
when the grain size decreases from CG to FG. While fine-grained ma-
terial is still undergoing elastic deformation, coarse-grained material has
already entered the plastic stage for the same stroke.

4.3. Size effect on product quality

The evaluation of the capability of CPFEM in predicting grain SEs in
product quality was performed in several aspects. Firstly, dimensional
accuracy, both in terms of heights and diameters, was assessed and
compared with experimental measurements. Secondly, undesirable and
asymmetric geometries were identified in CPFEM simulations and
compared to actual product geometries. Lastly, surface defects and
quality, including surface roughness, hole defects, etc., were analyzed
and compared with experimental observations to ascertain the effec-
tiveness of the CPFEM method in predicting grain SEs in product quality.

4.3.1. Size effect on microstructure and texture evolution

Given that the microstructure evolution is closely linked to dimen-
sional accuracy and the formation of undesirable and asymmetric ge-
ometries [76], understanding the material flow behaviour in the
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Fig. 16. Comparison of the experimental and CPFEM simulation orientation distribution functions, pole figures, and misorientation distribution functions of the

CG sample.

progressive microforming process is crucial for optimizing the process
and enhancing product quality [77]. Fig. 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 e,q
in the conventional FEM can be directly extracted from software, while
the effective strain g in the CPFEM simulation needs to be calculated
following the equation [78]:

N

;WL

The microstructural examination of the cross-sections of the result-
ing component reveals the presence of two prominent shear bands in
which the material has undergone pronounced plastic deformation and
flow, as shown in Fig. 13. Shear band I, which covers most of the head
feature, was formed during the extrusion process in Step I and then
continues to develop in Step II. 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 II, which was generated
during the second operation, exhibits a higher flow line density in
comparison to Shear band I. Shear band II 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. On both
sides of the head region, four blanking shear bands were formed as a
result of the second and third operations. Two friction shear bands also
emerged due to extrusion and friction on both sides of the body feature.
Regions with intense material flow, such as the shear bands, blanking

T 2N U PR
%fﬂfﬁUfﬁng 14

14

shear bands, and friction 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 illus-
trated in Fig. 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. 13. A comparison of the microstruc-
tures 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. [23].
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 shape.

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. 14-16 for FG, MG, and CG samples, respectively. Combining the
ODFs and the PFs, the relative consistency of the orientation distribu-
tions in the experimental and simulation results can be observed and is
particularly evident for FG and MG samples. However, the crystal ori-
entations 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
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Fig. 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 pm for each grain size. (d) The body
diameter measurements from top to bottom with the design dimension of 1000 pm for each grain size.

very dramatic because of the complexity of the process when comparing
the initial texture (Fig. 2) and the deformed texture (Figs. 14-16). After
two extrusion and one blanking operations, the preference for aniso-
tropic texture can be observed for the FG and MG cases, as shown in
Figs. 14 and 15, which is very similar to the compressed a-brass texture
[58]. 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 diver-
sified, whereas for the FG and MG materials, the deformation tends to
follow a specific pattern.

In addition, there is a partial agreement and variability between the
resulted experimental and simulation MODFs. Comparing the initial and
resultant MODFs (Fig. 8 and Figs. 14-16), the proportion of mis-
orientations around 60° is greatly reduced, while the fraction of low-
angle grain boundaries (LAGBs) grows dramatically. The increase in
LAGBs is very common during compression [79]. 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
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experimental and simulation results.

4.3.2. Size effect on dimensional accuracy

The material anisotropy arising from the microstructure and texture
leads to inhomogeneous deformation, which becomes increasingly
pronounced with the grain size [80]. 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. 17. The part was divided into head, shoulder, body, and rollover
features from top to bottom (Fig. 17(a)). The rollover, a common
irregular geometry in extruded parts, was formed in the first step of this
progressive microforming process and will be discussed in Section 4.3.2.
Firstly, the heights of each feature were collected from the SEM results
and cross-section images, as shown in Fig. 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 fea-
tures decrease with the increasing grain size. These observations are
consistent with the conclusions of prior research by Tang et al. [24].
Based on the microstructure and texture evolution shown in Figs. 13-16,
the grain orientations gradually concentrate to several specific di-
rections 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. 17(c-d)). The head diameter distribution
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Fig. 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.

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.

Fig. 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. 18(a), major differences in overall height arise from
variations in the 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 in-
homogeneity results in unfavourable material flow directions that
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deviate from the intended punching direction. As depicted in Fig. 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 in-
crease in the body diameter with grain size (Fig. 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 dimen-
sional accuracy of the CPFEM predictions is satisfactory, with corre-
sponding grain SEs being adequately reflected. However, Fig. 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 over-
estimation of the rollover feature height.

4.3.3. Size effect on undesirable and asymmetric geometries

The degree of asymmetry exhibited by the final component is notably
pronounced and is particularly conspicuous in the cross-sections of the
samples, as presented in Fig. 13. Given the left-right symmetry of the
formed part, the asymmetry primarily manifests in two ways: (1) the
disparity in the horizontal distance of equivalent structures from the
central axis, and (2) the differential in the elevational height of equiv-
alent structures. The positioning of the material during the experiment is
contingent upon the conformity of the dies and prior feature configu-
rations, as well as the regulation of the feeding mechanism. In the pro-
gressive microforming process, the inadequate design of tooling
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tolerance and feeding velocity can lead to asymmetrical results, posing a
significant challenge for simulation purposes. Addressing this challenge
requires a two-fold approach: reducing clearances and enhancing the
accuracy of fit [81].

The present study has identified several undesirable geometries in
the formed part, including burrs, inclines, rollovers, and holes, as
depicted in Fig. 19. The phenomenon of rollover is a direct consequence
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of the extrusion of micro grains in the first operation. The CPFEM
approach outperforms conventional FEM in accurately predicting this
phenomenon, as conventional FEM overestimates the rollover height.
The burr and the first incline appear on the top corner and side surfaces
of the head feature during the third step. The clearance between the
punch and the die in the third step is extremely small, within 0.01 mm,
which precludes the presence of grain SE in the burrs. However, the
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Fig. 21. SEM images and surface morphology of the hexagonal socket parts for FG sample. Some surface flaws are observed, including wrinkles and bulges on the top
surface of the head, micro pits and holes on the bottom surface of the socket, and dimples and fracture surfaces on the side surface of the head.

measurements of head diameters, as shown in Fig. 18(b), indicate that
the incline angle increases with the reduction in grain size due to the
difficulties in squeezing coarser grains into the gaps between the punch
and die. The second incline on the bottom corner of the head feature is
due to the friction between the material and the die. The potential crack
was produced by shearing between the body and head material during
Step II. It constitutes a crucial defect that requires subsequent process
adjustments. However, the burrs were not accurately predicted by
CPFEM simulations. As shown in Fig. 19, the hole/piping defect is
regarded as a common defect that occurs during the forward extrusion
process [82]. The hole forms during the initial extrusion step when
material flows rapidly radially into the extrusion die, leading to an axial
hole in the middle area on the back end of the extruded material.
Balasundar and Raghu [83] reported that the formation and size of this
hole were related to the chamfer angle, extrusion height, and friction
conditions. The present study has discovered the relationships between
the hole defect and material microstructure that the width of the hole is
smaller and the depth is deeper in coarser-grained material, while the
position of the hole moves away from the center point with increasing
grain size, as depicted in Figs. 21-23. CPFEM simulation demonstrates a
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notable capability in predicting hole defects, which is also a critical
feature in progressive micromanufacturing, although it may generate
larger hole sizes compared to the actual case. On the other hand, con-
ventional FEM does not exhibit significant tendencies towards the for-
mation of these defects.

4.3.4. Size effect on surface defects and quality

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 micro-
scope. Fig. 20 shows the measuring location and results of the rough-
ness. The side surfaces of the head and body features were selected as the
measurement locations, which were first tilted by an accompanying
software to transform them into a plane. The roughness R, was calcu-
lated by node coordinates obtained from the CPFEM simulation results
according to:

1< —

i=1

R, (15)
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Fig. 22. SEM images and surface morphology of the hexagonal socket parts for MG sample. Some surface flaws are observed, including wrinkles and pits on the top
surface of the head, holes on the bottom surface of the socket, dimples and fracture surface on the side surface of the head.

Here h; represents the distance between the selected nodes on the
measuring surface and the central axis. h is the average value of h;.

Fig. 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 forma-
tion of a blanking shear band, as opposed to the friction shear band that
constitutes the body surface. An examination in Fig. 21 reveals that the
upper reaches of the head surface are distinctly characterized by the
presence of a fracture surface feature, resulting from the material
blanking process and resulting in a concomitant enhancement of
roughness. 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 within neigh-
bouring 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 corre-
sponding increase in surface roughness. The error in the simulation re-
sults (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 [84]. In conclusion, the
roughness of the formed part is significant, and the performance of the
fine-grained materials is comparatively superior. Efforts towards
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improving the product surface quality, such as further surface treatment
of the tooling and optimized lubrication conditions, are imperative.

To study the distribution and presence of specific surface defects on
the hexagon socket part, SEM was employed. Figs. 21-23 depict a range
of flaws, including micro pits, dimples, micro wrinkles, bulges, and
holes. While the surfaces of the body and rollover exhibit relatively
smooth textures resulting from forward extrusion occurring parallel to
the punch stroke direction, fracture surfaces covering close to half of the
head side surface were discovered during the examination. The presence
of dimples on the head surfaces indicates ductile fracture induced by
shear stress. It was observed that the number of dimples decreased with
increasing grain size, while the average size of dimples increased, which
is consistent with the research of Su et al. [85]. This is due to the ease of
dislocation movements and slips at grain boundaries, leading to the
formation of dimples with high energy absorption during coordinated
deformation [86]. The lower boundaries of the fracture surfaces were
found to be irregular and uneven, leading to large roughness on the
surface. It was discovered through examination that the head feature of
the subject material possessed distinct micro wrinkles of varying mor-
phologies on both its upper and lower surfaces. The formation of the
micro wrinkles on the lower surface was attributed to the initial stage of
extrusion, where the self-extrusion of the material in conjunction with
the friction generated by the die led to the creation of defects of varying
lengths perpendicular to the direction of the punch stroke. It was
discovered that an increase in grain size resulted in the reduction of
wrinkles, leading to a smoother surface. Conversely, the formation of
micro wrinkles on the upper surface of the head predominantly occurs as
a consequence of the relative sliding between the material and punch
during the initial stage. These wrinkles were exclusively observed in the
outer circle of the head and were always parallel to the feed direction in
the progressive microforming system. It was previously reported that
these micro wrinkles (or scratches) could be prevented by optimizing
lubrication conditions [87]. In addition to the aforementioned wrinkles,
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Fig. 23. SEM images and surface morphology of the hexagonal socket parts for CG sample. Some surface flaws are observed, including wrinkles on the top surface of
the head, holes on the bottom surface of the socket, large dimples and fracture surface on the side surface of the head.

micro pits were observed on the bottom surface of the hexagon socket
adjacent to the hole. These micro pits were also caused by the extrusion
of the material and punch and were found to be sporadically distributed
and of small size.

The hole defect was found to possess another grain SE observable
from the SEM figures that as the grain size increases, the number of
diffusing "branches" around the hole decreases. These "branches" are
cracks formed by the coalescence of voids at high-stress locations near
grain boundaries. The reduction in grain size leads to an increase in the
volume fraction of the grain boundaries, which correspondingly in-
creases the crack density. In conclusion, the presence of dimples on the
side surface of the head, micro wrinkles on the lower surface of the head,
and holes on the bottom surface of the hexagon socket show significant
grain size tendencies, while the other surface defects did not exhibit such
a correlation. It is challenging to directly determine the aforementioned
surface defects from the CPFEM simulations. Their presence was pri-
marily inferred from roughness measurements in the simulations.

5. Conclusions

In this study, 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. The CPFEM
model incorporates the effects of slip and twinning on deformation
behaviour in brass materials, while the CZM considers the separation of
material through the adoption of the bi-linear TSL and MAXS criterion.
RVEs with actual textures of CuZn32 materials of various grain sizes
were simulated and validated the results with uniaxial tensile tests. The
mechanical response of the material, which obeys the Hall-Petch rela-
tion, is in good agreement with the experimental results.
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This study implements a three-step progressive microforming pro-
cess to produce a hexagonal socket part and evaluate the prediction
capability of the CPFEM method on the grain size effects in stress and
strain distribution, microstructure and texture evolution, deformation
load, dimensional accuracy, irregular geometries, and surface quality.
The CPFEM method accurately predicts the deformation load limit with
different grain sizes, and consistently delivers results that match
experimental observations in terms of dimensional accuracy and grain
SEs. The total height of the part increases as grain size decreases, while
the head diameter rises with grain size. It is proven that the part with the
initial fine-grained material has the best fit with the design scenarios in
terms of its feature sizes.

The microstructure and texture evolution during progressive
microforming is revealed through the observations of the cross-sections
of the part. By comparing the ODFs, PFs, and MODFs in the experimental
and simulation results, the reliability of this CPFEM approach was
validated. The shear bands and dead metal zones are properly predicted
in the strain maps created in CPFEM simulations, with the size of the
dead metal zones expanding as the grain size becomes coarser. Hole and
rollover geometries can be identified, but differences arise for burr and
incline geometries. The grain size-induced hole defects were found to
have more branches and become narrower and deeper with the increase
in grain size. Other surface defects, including dimples, micro pits, and
micro wrinkles, were found to be more prominent in coarser-grained
materials, but identification from CPFEM simulation results can be
challenging. However, their presence can be inferred from surface
roughness analysis in simulation results.

To conclude, this CPFEM method offers a strong approach for
simulating and predicting complex micro/meso-scale forming processes
involving elastic deformation, plastic deformation, and fracture. This
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methodology has the potential to improve constitutive models for
various materials and the distribution of cohesive elements for different
processes and products in future research.
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