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Highlights
1) A compound blanking-heading microforming system produces plug-shaped parts
using sheet metals.

2) When punch-die clearance equals grain size, maximum ultimate shear stress and

highest burr height are obtained.

3) More material shortage and smaller bulge diameter are got with larger grain size

and clearance.
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4) Hardness and microstructure of final parts differ with grain size and punch-die

clearance.

5) Sunken area, pits, crack and surface damage on the bottom surface and crack on

the bulge surface are observed.

Abstract

Sheet-based bulk microforming with compound tooling is an efficient approach
to accomplish mass production of plug-shaped parts with high quality and
productivity. However, size effect induces irregular mechanical responses and
deformation behaviors in micro-scale. In this work, a compound microforming system
for blanking-heading process was developed to produce micro-plug parts by directly
using copper sheets. Different punch-die clearances and grain sizes of specimen were
employed to study the interactive effects of geometrical and grain size on the
microforming process and the final part. Through the experimental and numerical
results and measurements of final parts, the influences of size effect on the
microstructural evolution, geometrical precision and surface defects of final parts and
the load-stroke relationship during forming process were symmetrically investigated.
The results reveal that when punch-die clearance equals grain size, the maximum
ultimate shear stress of blanking and the highest burr are obtained. The larger grain
size and punch-die clearance increase the material shortage and reduce the bulge
diameter of final parts. Three shear bands and three dead metal zones are recognized
on the cross-section of parts, and various defects including sunken area, pits, crack
and damage are observed on the surface of parts. These findings facilitate the
production of plug-shaped microparts in the aspects of process monitoring and
product qualities control and enrich the understanding of sheet-based bulk compound

microforming.

Keywords: Progressive and compound microforming, micro bulk forming of

sheet-metals, size effect, microstructural evolution, forming defects.



1. Introduction

Micro-manufacturing technologies and metallic micro-parts have developed and
matured in the last decade to meet the increasing demands of product miniaturization
in industrial fields [1]. The traditional micro-manufacturing technologies including
micro-machining [2, 3], micro-EDM [4], photolithography [5] and laser machining
have capabilities to fabricate micro-parts with high precision and desirable qualities,
but they are not suitable for mass production because of their cost and the material
limits. Microforming has become the spotlight for mass production among all
micro-manufacturing technologies because of its high productivity and efficiency, less
material waste, good net-shape or near-net-shape characteristic of final parts and
economic and environmental-friendly production [6-8]. To solve the troubles in
handling, transporting and ejection among different forming processes, the concept of
progressive and compound forming is proposed. This unique process aims on the
complex-structure or multi-feature parts formed using sheet metal. The term
“progressive” means that a particular processing chain with two or more single
forming steps and progressive dies are employed, and each step has its designed
stroke and predefined task, so that several forming steps can be conducted together
with multiple efficiency [9]. The term “compound” is to combine several types of
material deformation into one single stroke rather than one in a regular forming step.
Many prior researches related to progressive and compound forming were conducted.
Fu and Chan [10] developed a two-scaled progressive micro/meso-forming system to
examine the grain and geometrical size effect on the micro/meso-flanged parts. Meng
et al. [11] studied the grain size effect and fracture criteria in progressive
double-flanging microforming process. Meng et al. [12] extensively investigated the
micro-ironing progressive microforming process and the related characteristic of
microparts and deformation behaviors. Zheng et al. [9] further developed a four-step
progressive microforming system to fabricate conical-flanged parts, and studied the
geometrical and grain size effect in the forming process and the part quality. Tang et

al. [13] investigated the multi-stage deformation in progressive microforming and the



properties of final parts considering material crystal structures and grain sizes. Zheng
et al. [14, 15] explored the potential of progressive microforming in industrial
production, and studied its fabrication of micro pin-shaped parts instead of
conventional micro-machining process through the aspects of required tolerance,
surface roughness and material-flow-affected strength considering grain size effect
and structure design. Ran et al. [16] studied the dead metal zone inducing dislocation
strengthening effect and ductile fracture in progressive microforming through
producing an extrusion-punching formed cylindrical parts. Fu et al. [17] developed a
blanking-drawing compound microforming process to form micro-cups and
investigate the size effect on forming load and thickness distribution. Chan et al. [18]
conducted a compound double-extrusion microforming test and investigated the
relationship between material flow, friction and deformation load of the forming

Process.

However, the knowledge and experience in macro-forming cannot be applied in
the downscaled microforming process directly, since “size effect” changes the
material deformation behaviors and mechanical properties from macro-scale to
micro-scale [19]. Prior investigations of size effect were conducted mainly from the
aspects of geometrical, microstructural and tribological size effects in different types
of microforming process. Chan et al. [20] conducted micro-heading considering grain
and feature size effect to investigate the microstructural revolution and material flow
behaviors. Chen et al. [21] conducted a precision micro-forging process to fabricate
micro-gears using wire-EDM cutting micro-gear mold, and focused on the surface
quality and dimensional deviation of mold and the forming accuracy and productivity
of micro-gears. Su et al. [22] studied the interactive effects of grain size and
temperature on the formability and part quality of micro-embossing process, and
clarified the plastic deformation mechanisms and intragranular dislocation movement
based on misorientation angle distribution. Sato et al. [23] developed a
hydromechanical based deep-drawing microforming process to study the accuracy

and drawability of drawn cups, where the applying appropriate counterpressure can



eliminate the generation of wrinkles and reduce the friction. Wang et al. [24]
conducted a micro-deep drawing process using conical die with multi-layered film
coating, and studied the tribological size effect on the surface quality and the uniform
distribution of micro-conical parts. Guo et al. [25] analyzed the earing evolution in
micro deep drawing considering the interactive effect of crystal plasticity and surface
layer model, and they revealed the earing profile of formed cup differed with grain
size, orientation and specimen thickness. Kardan et al. [25] conducted a
micro-upsetting process using crystal plasticity theory and investigated the grain
orientation affected geometrical shapes. Lou et al. [26] attempted to explore the
formability and product properties using ultrasonic-assisted micro-extrusion to

fabricate micro-pins.

Many prior researches on size effect have been extensively conducted based on
numerical methods, and among them, crystal plasticity finite elements method
(CPFEM) is one of the popular methods, whose feasibility and precision has been
verified. CPFEM considers the texture and grains distribution to study the
deformation behaviors of crystal, which can present the heterogeneity for
coarse-grained materials [27]. Many researchers conducted numerical and
experimental works using CPFEM. Yalcinkaya et al. [28] proposed a model to address
statistical size effect due to random grain orientation and the effect of grain boundary
conditions. Zhang et al. [29] used high-resolution crystal plasticity simulation to
investigate the anisotropic yield behavior with four yield functions of polycrystalline
aluminum alloy. Ghosh and Cheng [30] developed a micro-twin
nucleation-propagation model to study HCP material based on CP simulation with a
novel subcycling algorithm. Cai et al. [31] investigated the yielding behavior in
biaxial tensile tests considering size effect and hard phase effect. Wang et al. [32]
studied anisotropic deformation in ultra-precision diamond cutting of polycrystalline
copper combing Johnson-Cook damage model for material removal. Fischer et al. [33]

studied the thermo-mechanical properties of the honeycomb structure during rubbing.

Although numerous studies about microforming and size effect were conducted,



it still lacks an in-depth investigation on size effects in the compound microforming
and the sheet-based bulk microforming. Plug-shaped parts are also common and
popular in micro-products, so how to efficiently produce plug-shaped parts is
deserved to research. In this study, a compound microforming system including
micro-blanking and micro-heading operations was developed to fabricate micro-plug
parts using sheet metals, and the influence of grain size and blanking clearance on the
micro blanking-heading process and the forming quality of final parts are
comprehensively studied from the aspects of forming load, burr formation,
dimensional precision, material flow behavior, hardness distribution, surface defects
formation and geometrical profile variation. The crystal plasticity based simulation
was conducted to compare with the homogeneous properties based simulation to
evaluate the surface curve variation. The results show that higher grain size and
thicker punch-die clearance reduce the forming load, worsen the material shortage,
and decrease the bulge diameter. The material flow behavior is discussed based on the
hardness test and the microstructural evolution with numerical results. The radius
variation of heading feature is predicted well by crystal plasticity model. Surface
defects including sunken area, crack, damage and pits are observed and their
formation and elimination are discussed. All these findings in this study thus enrich
the knowledge and understanding of blanking-heading compound microforming and
sheet-based bulk microforming to support the design and fabrication of plug-shaped
or other bulk-formed microparts and compound tooling design and facilitate the wide
application of the compound microforming process as an efficient way compared to

conventional micro-manufacturing technologies.

2.  Experimental details and simulation setup

2.1  Testing material and mechanical properties

T1 pure copper (Cu = 99.95%) is selected in this study due to its excellent

formability and other good mechanical properties. Pure copper sheets (2090 mm)



with thickness of 2 millimeters are annealed under different heat treatment conditions,
and then cooled down to room temperature by air in the argon-filled furnace to obtain
diverse grain sizes. The microstructures of pure copper along the thickness direction
after annealing are illustrated in Fig. 1, and their annealing conditions and
corresponding grain sizes are shown in Table 1. The cross-section of specimen is cut,
grinded, polished, and then etched by solution of 5 g FeCls, 85 ml H2O and 15 ml HCI.
The grain sizes are measured according to the linear intercept method of ASTM E112

standard.

To quantitatively analyse the mechanical response of the testing materials,
micro-cylindrical specimens are cut from the pure copper sheets by EDM to conduct
uniaxial compression tests. The specimens are 1.2 mm in diameter and 2 mm in height.
Lubricant grease is used to reduce friction. Strain rate of 0.002 s! is employed for
quasi-static deformation. Each group contains four repeated tests. The true stress
versus true strain curves are illustrated in Fig. 2(a). It is revealed that the flow stress
reduces with the increase of grain size. As shown in Fig. 2 (b), the flow stress of
tested materials meets the Hall-Petch mechanism well below strain of 0.4, which
indicates the linear relation between the stress and the inverse square root of grain
sizes. For polycrystal model, the extending Hall-Petch relationship [34] is widely

applied to describe the flow stress in the following:

()= o)+ () V2 (1)

where is flow stress, is effective strain, o and  are constant for a given ,

and  is grain size.
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Fig. 1 Microstructures of pure copper along thickness direction under different annealing

conditions.

Table 1 Annealing conditions and the related grain sizes of pure copper.

Temperature (°C) 500 750 800 950

Holding time (hrs) 2 2 3 3

Grain size (um) 17+£2 67+3 90 +8 303+7
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Fig. 2 (a) Stress-strain curves of pure copper with different grain sizes; (b) Hall-Petch relationship.

2.2 Material properties in CPFEM

To numerically study the inhomogeneous deformation during the compound
microforming process, CPFEM considering the material texture is employed in
simulation. Crystal plasticity is a physically based plasticity theory that presents the
plastic deformation of metal in micro-scale. The dislocation in a metallic crystal along
slip systems is represented in a continuum framework [27]. Plastic strain is assumed
to be solely due to crystallographic dislocation slips. The lattice of a crystalline
material undergoes elastic deformation and rotation. Its plastic deformation is

assumed to be induced by crystalline slip. The material flows through the crystal



lattice by dislocation motion. The total deformation gradient  is as follows:

= 2

where is plastic shear deformation to an intermediate reference configuration
whose lattice orientation and spacing are the same as in the original reference
configuration, and denotes the stretching and rotation of the lattice. The

decomposition of Eq.(2) along with the velocity gradient  is shown as follows:

= o= + -1
= - 3)
— -1
where and are the elastic and plastic distortion rates, respectively.

Introducing the Schmid law, the plastic distortion rate is summed up by the

shearing rates on each active slip system as follows:

= ( ) o)
where and are the unit vector along slip direction and the normal to the slip
plane of the slip system in the intermediate reference configuration. is
the Schmid factor of the active slip system. is the plastic shear strain rate in the

slip system. The resolved shear stress on the slip system can be
expressed as [35]:

= - i ) (6)

where is the second Piola-Kirchhoff (PK2) stress tensor. In addition, the

rate-dependent kinetic law for face-centered cubic (fcc) metallic crystals is used in

this research, where the shearing rate of the slip system is shown as follows
[36]:
1/
= o ) ©)
where o 1is the reference strain rate, is the current strength of the slip

system, and is the rate sensitivity parameter, respectively. develops with the



accumulation of dislocation in a crystal with work-hardening. Its rate can be

calculated by:
= || ®)
where ( = ) and ( # ) are the self and latent slip hardening moduli,
respectively. The latent hardening modulus is obtained by:
= 9

where  is a factor representing the relationship between slip systems.

The Kalidindi’s hardening formulation [37] for self-hardening module is selected

in this work, which is expressed as:

= o(l——) (10)

where ( is the initial hardening modulus, is the shear stress where large plastic

flow initiates, and s the rate sensitivity of the rate of strain hardening.

In addition, the elastic tensor constants for pure copper are that Ci; = 168.4 GPa,

Ci12=121.4 GPa, and Ca4 = 75.4 GPa, respectively [38].
The other parameters of the pure copper in this study are presented in Table 2

Table 2 Parameters for pure copper [37] in this study.

(MPa) (MPa) (MPa) (7))

16 148 180 0.001 0.012 2.25 1.4

In the CPFEM simulation, the quarter-cylindrical parts with height of 2 mm and
radius of 0.6 mm are symmetrically fixed on X and Y direction and then compressed
by 60% in height-direction. The polycrystal model is generated through software

Neper with grain size of 303 pum. Three repeated simulations are conducted. The



stress-strain curve for grain size of 303 pm obtained from simulation compared with
the relative experimental data is illustrated in Fig. 3. The true stress is measured from
the applied force divided by the immediate area, and the true strain is calculated from
the total accumulative shear strain. It can be seen the mechanical response in the
simulation using Kaladinli et al.’s parameters [37] is fitted well with the experimental
data obtained from uniaxial compression tests when the strain is below 0.4, so the

simulation results in this research are reliable.
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Fig. 3 Stress-strain curve of CPFEM and experimental data for grain size of 303 pum and its

simulation method.

2.3 Micro plug part and realization of compound microforming

The design and dimensions of the micro plug part with the compound
microforming system are illustrated in Fig. 4. The compound microforming system is
installed between the upper and lower platform equipped on an MTS testing machine
with 50kN maximum capacity load cell. Punches with different diameters are
employed in the compound forming process to study the geometrical size effect of
punch-die clearance. The punch-die clearances in each case are presented in Table 3.

Pure copper sheets with different initial grain sizes are used as specimen to study the



grain size effect in the compound forming process. The compound microforming
process and the relative dimensions of mold are shown in Fig. 5. At the beginning of
process, the specimen is insert in the slot between blank holder and die holder, and the
blank holder is screw up to avoid shaking during the forming process. Then the
compound forming process starts. The material undergoes shearing deformation
during the blanking stage, and a micro-cylindrical part is cut from the specimen at the
finish of this stage. With the punch continuous moving, the heading stage begins. The
trimmed cylindrical part is compressed to fill the die cavity, where extrusion
deformation happens. The desirable geometry is formed at the end of this stage. Then
the insert die releases, and the formed part is ejected. The specimen moves forward,
and a new forming process starts. Machine oil is used as lubrication on each interface
to minimum friction. The punching speed is 0.01 mm/s, so the effect of strain rate can

be neglected.
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Fig. 4 (a) Photo of final parts; (b) design of the micro plug parts; and (c) photo of the compound

microforming system.

Table 3 Punch-die clearances of different punches.

Case 1 Case 2 Case 3

Punch diameter (mm) 1.192 1.140 1.090

Die diameter (mm) 1.230
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Fig. 5 (a) The compound microforming system and the forming steps; (b) The dimensions of dies.

3. Result and discussion

3.1 Load-stroke relationship during the compound microforming

Micro-punching and micro-blanking are both shearing operation, which differs in
producing micro-cylinders or micro-holes [39]. The shearing operation is divided into
three stages, which are the rising elastic-plastic stage, the static shearing deformation
stage, and the dropping fracture stage [10]. The results in Fig. 6 (a-c) meet the prior
studies about grain size effect in micro-punching/blanking process [9, 10, 14, 40], in
which the punching load/pressure decreases with the increase of grain size, since the
barrier-like characteristic of grain boundaries during shearing deformation decrease
with the increase of grain size. Fig. 6 (d) shows the effect of punch-die clearance (c)
on the forming load in micro-punching/blanking process. The forming load increases
with the decrease of clearance, which correlates with the prior studies [41, 42].
Ultimate shear stress () is introduced as = / , where , , arethe

maximum blanking load, punch diameter and the length of blanked surface. Xu et al.



[8] indicated the clearance / grain size ratio (c/d) and clearance / thickness ratio (c/t)
are both main factors influencing the deformation behaviors of
micro-punching/blanking. When c/d = 1, the ultimate sharing strength reaches a
maximum value. In this study, as shown in Fig. 7, the main impact to ultimate shear
stress is still punch-die clearance, where the ultimate shear stress increase with the
increase of punch-die clearance, It is because the involved material volume of
shearing deformation occupies the major effect on shearing stress. On the other hand,
when the punch-die clearance is 19 pm, the ultimate shear stress reaches the
maximum value with ¢/d = 1, and for the other two clearances, the increasing slope
obviously gets steady when c¢/d > 1, it is speculate a maximum value at ¢/d = 1 but
influenced by the complicated force and friction condition. When c/d > 1, grains are
evenly distributed in lateral and thickness direction, the main mechanism in the
shearing deformation is grains coordinating deformation. With the increase of grain
size, the grains coordinating deformation become difficult, and grain boundary sliding
and grain rotation show their obviousness, which makes the ultimate shear stress
increases. Conversely, when c/d < 1, the deformation mechanism is related to the
grain lattice and slip. Thus, the number of grains on the thickness direction is
important. The more grains involved in deformation, which means the increasing c/d
ratio, the harder to make the deformation along the critical resolved shear stress
(CRSS) direction of single crystal, which enhances the ultimate shear stress.
Therefore, when ¢/d = 1, the ultimate shear stress should reach the maximum value

according to the two deformation mechanisms.
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Ratio of clearance to grain size (c/d)

Besides the shearing stage, transition and heading stages are recognized from the

load-stroke curves in Fig. 6. The transition stage starts after the blanking operation

finishes and ends of the heading operation begins. The load in this stage is mainly



caused by the friction of micro-cylindrical part sliding in the die central hole.
Moreover, the curves in heading stage start with a short peak, which is the first
heading stage, then rise quickly in a parabolic shape, which is the second one, and
they roar rapidly when the punch reaches the designed stroke limitation. In the first
heading stage, the material is subjected to elastic-plastic deformation and slightly
bulged. With the punch movement, the plastic deformation is promoted severely, and
the interfacial friction between material and die increase until the extrusion finishes.
Grain size effect is not significant in this stage. However, as shown in Fig. 6 (d),
punch-die clearance (c) can greatly affect the load and stroke in this stage, where the
forming load in second heading stage increases with a smaller punch-die clearance.
The geometrical size effect is the result of the different volume of cylindrical parts
after blanking, where the larger punch-die clearance induces shorter and thinner
blanked cylinder, thus its deformation in heading stage is decreased relatively, and

lower forming load is generated.

3.2  Microstructural evolution

The microstructural evolution of microparts includes the formation of shear band
and the remained dead metal zone (DMZ). Dead metal zone is defined as no or almost
no material flow zone, which is related to the geometry of die, interfacial property and
loading rate [14, 43-45]. Understanding microstructural evolution is important to
predict the mechanical properties of final parts and the material flow behaviors during
forming process. The recognition of dead metal zones is generally dependent on
hardness measurement and flow lines distribution on the cross-section of the etched
micrographs. In this work, the study of microstructural evolution is conducted detailly
from experimental hardness test and numerical simulation of strain distribution. The
results from two aspects are discussed to reveal material flow behaviors in this

compound microforming.
3.2.1 Hardness distribution

The test of hardness distribution reveals the work hardening in the compound



microforming process. This material strengthening phenomenon is the result of
generation and movement of dislocation within crystal structure and grain boundary
sliding of material. Vickers hardness test on the cross-section of formed parts was
conducted to evaluate the work hardening accumulation during compound
microforming process. The test results are illustrated in Fig. 8. As shown in Fig. 8 (a),
the original hardness of fine-grained material (17 pm) is slightly higher than it of
other grain sizes. From the variation of hardness on cross-section, as shown in Fig. 8
(b-e), it can be seen that the higher hardness appears near the lateral profile of the
cylindrical feature, which is induced by the shearing deformation in the blanking
operation. The hardness near the corner of heading-formed feature slightly drops, and
obviously reduces at the widest tip. Conversely, the central area at the top of part has
the lowest hardness, and this value drops with the increase of grain size. Along the
symmetrical line downward, there are two peaks of hardness, which indicates two
separated shear bands. The first one is on the mid-upper area, from the center
elongating to the lateral profile, and the other one locates on the center of bottom
surface extending to the corner on profile. However, in the very-coarse-grained
material (303 um), the mid-upper shear band disappear., which is caused by less strain
accumulation on large grains. By the comparison among different grain sizes, it is
revealed that the hardness on undeformed area drops significantly and the hardness on
shear band slightly decreases with coarser grains, since the increasing number of grain
boundaries enhances the work hardening effect. However, the hardness on cylindrical

profile does not change a lot.
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3.2.2 Strain distribution

Numerical simulation was conducted through commercial software DEFORM
based on uniaxial tensile test data to study the formation of shear bands and dead
metal zones, and the results are compared with the flow line on the cross-section of
final parts to study the influence of punch-die clearance, as illustrated in Fig. 9. As
shown in Fig. 9 (a-c), three shear bands, A,B,C, and three dead metal zones, X, Y, Z
are recognized from the microstructures and numerical simulation of final parts with
grain size of 17 um. When the punch-die clearance is the smallest (19 um), as shown
in Fig. 9 (a), it is clearly to configure the boundary between inherit zones. The grains
in X and Y are nearly undeformed. Dead metal zone X is formed just below the flat
punch because the material flow underneath flat punch in blanking is little. Grains in
Zone Y are barely deformed during the micro-blanking process, and the horizonal
elongating in heading does not affect them, thus Zone Y is kept after micro-heading.
The arched shear band A is formed during micro-blanking operation between Zone X
and Zone Y and extend to the shearing area. The material in A is subjected to tensile
stress in horizonal direction, which transmits the punching load to the punch-die edge
to make the shearing deformation happen. The findings are similar to the

micro-blanked cylindrical part in Meng et al.’s study [46]. The shape and height of



Zone Y are mainly dependent on the shear band A and B.

In addition, shear band B is formed during the heading operation, where the
bottom material is compressed and bulged in horizonal direction, but hindered by the
punching hole, thus deformation is concentrated on the bottom edge of central hole,
and extended to the central bottom surface with a compressive force. The grains in A
and B are severely elongated along horizon direction and extend to shear band C,
which is formed induced by severe shearing deformation during micro-blanking

operation.

Moreover, the simulation results indicate a small dead metal zone Z on the
bottom edge of the final parts, attributed to the gradually decreasing horizontal strain
along horizontal direction from the central bottom surface to the edge during

micro-heading. But this zone is not obvious on the microstructure figure.

With the different punch-die clearances, the microstructural evolution and strain
distribution are different. In Fig. 9 (b), where the punch-die clearance is 45 pum, the
area of Zone X increase slightly, and the grains in Zone A and C rotate and extend
more severely, as shown in the partial diagram Fig. 9 (i). In addition, the boundary on
microstructure between dead metal Zone Y and shear band B is fuzzy. It can be seen
that the horizonal elongation of grains gradually increases in downward direction. The

partial diagrams to present the grains in this area are Fig. 9 (ii) and (iii).



Fig. 9 Microstructures and effective strain on cross-section with grain size of 17 um and

punch-die clearance of (a) 19 um, (b) 45 um and (c) 70 um; partial view on (i) top edge, (ii)

corner and (iii) central bottom.

3.3 Geometrical precision

Geometrical precision of final parts is important for evaluating the characteristic
of novel microforming process. In this work, the burr formation and dimensional
accuracy of final parts are studied. Moreover, the material shortage during compound

microforming process and radius variation in micro-heading are investigated.
3.3.1 Burr formation

Burr formation is generally induced by the clearance between punch and die
during punching/blanking process. To quantitatively study the variation of burr in
different grain sizes and punch-die clearances, the comparison of burr height and burr
width is shown in Fig. 10. As shown in Fig. 10 (b-d), where the punch-die clearance
is fixed, the width of burr approximately equals the punch-die clearance, and the grain
size has no obvious influence on the width of burr. In the diagrams Fig. 10 (e-h), the
effect of punch-die clearance on burr formation with a given grain size are presented.
The triangular areas in the diagram can mediately indicate the volume of burr. It can

be seen that the volume of burr is promoted significantly with higher punch-die



clearance.

In addition, to directly investigate the regularity of height of burr, the
relationship between the clearance to grain size ratio (c¢/d) and the height of burr is
illustrated in Fig. 11. It is revealed that, with a given punch-die clearance, when c/d
ratio is around one, the longest burr is obtained. On the other hand, the lower
punch-die clearance can slightly decrease the height of burr. With the smallest
punch-die clearance (19 um), the heights of burr are greatly decreased. The burr
formation mechanism is related to the happening of material ductile fracture, which
are influenced by c/d ratio. In macro-scale, the ductile fracture mechanism is based on
that the microvoids initiate, microvoids growth perpendicular to stress direction,
microvoids coalescence, and fracture. Since the microvoids are more possible to
appear at the grain boundaries, the number of grains on deformation area is important
to the fracture behaviors. When c/d > 1, grains have homogeneous distribution on
thickness and clearance directions, and the fracture mechanism is related to the
number of grain boundaries and microvoids. Thus, the larger c/d ratio, the more grains
are involved in deformation, and the more microvoids initiate and growth, so the
ductile fracture happens earlier, which results in a shorter burr. Conversely, when c/d
< 1, individual grain dominates on clearance direction, and the fracture mechanism
changes to the slip and dislocation within grain lattice. Thus, with the growth of grain
size, the number of grains on the thickness direction is less, and the dislocation is
easier to extend since grain boundary acts as barrier to obstruct dislocation, which
results in earlier happening of ductile fracture. Therefore, when c/d = 1, the two
ductile fracture mechanisms lead to the longest height of burr. However, due to the
complicated interfacial conditions for burr formation including friction, surface
roughness, and so on, the regularity is not generally applicable among different sets of

punch and die, and there is a deviation for the clearance of 45 um.
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Fig. 11 Burr height of the final part with different c/d ratio.
3.3.1 Undesirable material shortage

In micro-punching/blanking process, the material cannot always flow along the
desirable direction to form the designed geometries. Material lateral flow is a general
phenomenon and gets worse with the coarser grains due to the inhomogeneous
distribution. In this study, material shortage happening at the micro-blanking
operation facilitate the undesirable geometry of the blanked cylinder including burr,

rollover and height shortage. To quantitively study the material shortage during the



compound microforming, shortage fraction is introduced, which is:

1-

where “effective volume” is the volume of the effective shape, and design volume is
the volume of the designed part in Fig. 4. The variation of shortage fraction with
different grain sizes and punch-die clearances is shown in Fig. 12. Due to the
unavoidable height shortage and burr formation after micro-blanking, the minimum
value of shortage fraction is still 33 percent. It shows an increase trend with larger
grain size, since the lateral deformation increases with coarse-grained material. There
is an obvious rising of shortage fraction with a larger punch-die clearance, since a
larger punch-die clearance enhances the volume of burr, which further reduces the

volume of effective shape.
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Fig. 12 Volume shortage fraction during the compound forming process.
3.3.2 Dimensional accuracy

Investigating the dimensional accuracy of final parts facilitate the improvement
of tooling development, part and process design and process factor variation.

Dimensional accuracy in microforming is more serious than it in macroforming, since



severe undesirable geometries and phenomena appear in small scale. To quantitively
determine the grain and geometrical size effect, three critical dimensions of the micro
plug parts are selected to present their variation with grain size and punch-die
clearance, which are the height of parts (H), the average diameter of the cylindrical
feature (D1), and the largest diameter of the bulge feature (D2), as shown in Fig. 13
(a). The measured results are illustrated in Fig. 13 (c-e¢) and grouped by different
punch-die clearances. From these figures, it can be seen that the punch-die clearance
and grain size show little influence on H and D1 (vary less than 50 um), but D2 shows
a decreasing tendency with the increase of both grain size and punch-die clearance.
Fig. 13 (b) focuses on the variation of D2 with different grain size and punch-die
clearance. It can be seen D2 shows linear decreasing trend with the increased grain
size, and the interception decrease with the increase of punch-die clearance. Since the
orientation of individual grain dominates the material properties with large grain size,
the material is hard to flow along desirable direction during, which results in the
height shortage of the blanked cylinder [9] and asymmetrical extrusion in
micro-heading process. In addition, the decrease of the effective volume of blanked

cylinder due to large punch-die clearance is another reason for D2 reduction.
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Fig. 13 (a) Dimensions of formed part; (b) variation of bulge diameter; dimension of each feature

under different grain size and punch-die clearance of (¢) 19 um, (d) 45 um and (e) 70 pm.
3.3.3 Radius variation during heading operation

CPFEM simulation was conducted based on the constitutive model in Section 2.2
and implemented through script and subroutine in software Abaqus. A finite element
simulation based on homogeneous theory was conducted for comparison. The radius
change in micro-heading operation is focused in this research, and the results of
experiment, CPFEM simulation and FEM simulation are illustrated in Fig. 14. Fig. 14
(a) and (b) shows the deviation of radius of the bottom surface of heading feature
around perimeter and their relative standard deviation. It is revealed the FEM results
are homogeneous, and CPFEM predicts properly the unevenness of experimental
results, where their changing tendency are similar and their relative standard
deviations are close. In addition, Fig. 14 (c) and (d) present X and Y position of the
measurement nodes in Fig. 14 (e) with different punch strokes to show the roundness
change. It can be seen that at about the half of total stroke, the roundness is apparently

reduced for CPFEM model. The roundness for FEM model is always good.
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illustration of measurement nodes.

Moreover, the distribution of effective stress and effective plastic strain of FEM
and CPFEM simulation are shown in Fig. 15. As seen in Fig. 15 (a), the stress and
strain distributions of CPFEM are based on grain orientation, which are nonuniformly
distributed. Conversely, FEM do not consider grain orientation. As a result, the
CPFEM result, which respects to the microstructure of the material considering grain
orientations, gets a more accurate results than it in FE. In addition, because of the
assumption that material in the CPFE is inhomogeneous, the maximum values of

stress and strain at certain area are recognized.
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Fig. 15 Effective stress and effective plastic strain distribution for (a) FEM and (b) CPFEM.

3.4 Surface defects

The morphologies of final parts were observed by scanning electron microscope
(SEM). Fig. 16 shows the fine-grained parts with different punch-die clearance. The
decrease of the diameter of heading feature and the increase of burr volume are

apparent with larger punch-die clearance.



Top view

Bottom view

Fig. 16 Micro plug parts with fine-grained material (17 um) fabricated by different punch-die

clearance.

The blanked surfaces of the final parts with different grain size after
micro-blanking operation are shown in Fig. 17. The fracture surface can be observed.
The fracture mechanism on the blanked surface is related to the number of microvoids,
which only occurs on the grain boundaries or inclusions. The initiation, growth and
coalescence of microvoids induces the fracture and rough surface on the blanked
region. The parabolic dimples on fracture region reflect the position and shape of
microvoids. From this diagram, it can be seen that the number of dimples on fracture
zone decreases with the increase of grain size, but the large-sized dimples appear on
the fracture surface with coarse-grained material. This phenomenon was not observed

in the prior studies [10, 11, 15].
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Fig. 17 Fracture surface induced by shearing deformation with different grain size.

Moreover, the morphology of the bottom surface of final parts with different
grain size is shown in Fig. 18. The micro plug parts with grain size of 17 um and 67
pm has a more circular geometry, but parts with the other grain sizes show more
inhomogeneous. Since the larger grain size enhances individual properties of grain
and the heterogeneity of whole material, inhomogeneous geometries happen on the
free-form surface. The sunken area easily happens on bottom surface near the edge,
which is induced by the bulge bottom after micro-blanking and uneven hardening
distribution. So, at the extrusion deformation, the bottom surface could be not fully
contacted to the die surface, which results in the happening of sunken area. Except the
sunken area, fine-grained material shows good properties on the surface of parts. With
the increase of grain size, more undesirable defects are found on the bottom surface,
such as pits, crack and surface damage. The formation mechanism of pits could be
related to external factors, such as dirt or impurity on specimen or die surface. Thus,
during the material extrusion, the material is pushed on the die surface and extruded,
the dirt or impurity on the interface of material and die surface could make damage on
the part surface, then pits are formed. On the other hand, the formation of crack is
based on internal factors, including strain accumulation and work hardening. When
material deformation reaches a critical value, the crack may occur along grain
boundaries at strain-accumulated region. It is noticed that crack is more likely to
appears with coarse-grained material, since coarse-grained material has lower

threshold to accumulate deformation energy. Similarly, the appearance of surface



damage is induced by an external force or item crushing the work hardening area
where the region of surface reaches the ductile fracture limit due to strain
accumulation. It is revealed that fine-grained material has a better surface morphology

due to its better ductility than coarse-grained material.
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Fig. 18 Defects on bottom surface with different grain size.

In addition, Fig. 19 focuses on the surface defects on the bulge surface with
different grain size. It can be found that crack on the bulge surface is unavoidable,
since the heading feature is subjected to severe deformation after shearing and
extrusion deformation causing large strain accumulation and work hardening. If the
crack initiates on the shearing surface after the micro-blanking operation, it will be
extended in width direction after micro-heading operation due to the lateral stress.
Compared to the thin and regular heading-formed crack, the heading-extended cracks

are wide and warping.

To facilitate a better forming quality, a dust-free forming condition and a
smoother die could be considered to reduce the externality inducing surface defects,

and properly warm forming could improve the strain and damage accumulation.
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Fig. 19 Crack formation on the bulge surface with different grain size.

4. Conclusion

In this study, a novel compound microforming system is designed and
established for the fabrication of micro-plug parts by directly using sheet metal. The
experimental and numerical investigations are conducted from several aspects
including forming load in process and microstructural evolution, geometrical
precision, surface defects and radius variation of final parts considering grain size
effect and the geometrical size effect of punch-die clearance. The following

conclusions can be drawn from this study:

1) The novel compound microforming system combines micro-blanking and
micro-heading operation, which makes it possible to fabricate plug-shaped parts
from sheet metals within one single punch stroke. Sheet-based bulk microforming
also facilitates the positioning, transforming and ejection operations to promote

efficiency, which has potential for mass production.

2) The load-stroke curves are divided into blanking, transition and two heading



3)

4)

5)

6)

stages. The finer grains and thicker punch-die clearance can increase the forming
load. When the ratio of clearance to grain size (c/d) equals one, the maximum

ultimate shear stress in the blanking stage is obtained.

Three shear bands and three dead metal zones are recognized on the cross-section
of final parts based on hardness tests, microstructure observation and simulated
strain distribution. With the variation of grain size and punch-die clearance, the
area of different characteristic zones changes. Based on the results, it is indicated
that the material in mid-center flows to the shearing area during blanking
operation, then the material in bottom center is extruded along lateral direction to

die edge during heading operation.

The width of burr is directly related to the punch-die clearance, and it is barely
affected by grain size effect. The height of burr generally reaches the maximum
value when c/d equals one. The volume of burr usually increases with larger
punch-die clearance, which further induces a higher shortage fraction with the

interactive effect of increasing grain size.

The height and cylindrical diameter of the final parts change little with grain size
or punch-die clearance, but bulge diameter is diminished with larger grain size
and clearance. The variation of bulge diameter in peripheral direction is predicted

well with CPFEM simulation.

Surface defects on the final parts, including fracture surface with dimples near the
top edge, sunken area, pits, crack and surface damage on the bottom surface, and
crack on the bulge surface are observed, and their formation mechanisms are
analyzed. An improved die with smoother surface, cleaner processing condition
and warm forming can be considered to eliminate the undesirable surface defects.
In addition, coarse-grained material enhances the inhomogeneity for freeform

shape.

In summary, a relative finer grains and a smaller punch-die clearance can

promote the quality of the final parts and avoid material shortage, but the ratio of



punch-die clearance to grain size should be select properly to avoid higher ultimate

shearing stress and worse burr formation.
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