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Abstract: This study aims to develop a model to characterize the inhomogeneous material deformation behavior in
micro-forming. First, the influence of individual grain heterogeneity on the deformation behavior of CuZn20 foils was
investigated via tensile and micro-hardness tests. The results showed that different from thick sheets, the hardening
behavior of grains in the deformation area of thin foils is not uniform. The flow stress of thin foils actually only reflects
the average hardening behavior of several easy-deformation-grains, which is the reason that thinner foils own smaller
flow stress. Then, a composite modeling method under consideration of individual grain heterogeneity was developed,
where the effects of grain orientation and shape are quantitatively represented by the method of flow stress
classification and Voronoi tessellation, respectively. This model provides an accurate and effective method to analyze
the influence of individual grain heterogeneity on the deformation behavior of the micro-sized material.
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1 Introduction

Miniaturization is an important tendency in
many fields including biomedical, aerospace and
electronics, so there is a huge demand for
micro-scale metallic parts [1-3]. Compared with
other micro-manufacturing technologies such as
micro-machining and LIGA technique, micro-
forming process has aroused extensive attention due
to its high production rate, near-net-shapes and
excellent products performance [4—6]. The forming
theory and material model play key roles in
analyzing the material deformation behavior and
optimizing the process parameters [7—10].
However, the presence of size effects makes
conventional theories and methods inapplicable

when analyzing the material deformation behavior
in the micro-forming process [11—14].

A great deal of research has been carried out
and many new theories have been proposed
regarding size effects. Based on the metal physics
theory, grains in the surface layer of specimens
have at least one free surface, so surface grains
represent weaker mechanical behavior than internal
grains. On this basis, a classical surface grain
theory was proposed, which has been accepted by
most researchers because it can explain the size
effect phenomenon of “smaller specimen size
leading to weaker flow stress” [15—18]. Further-
more, MAHABUNPHACHAI and KOC [19]
concluded that the influence of grain size,
geometric size and feature size should be
considered simultaneously when analyzing the
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micro-sized material deformation  behavior.
Combining the surface layer theory with the
polycrystalline theory, a micro/mesoscale model
was developed [20]. It has been revealed that the
material behavior in micro-forming is between the
single crystal deformation and the polycrystalline
deformation. However, as the geometry size of
micro-parts decreases to the magnitude of grain size,
the influence of individual grain heterogeneity on
the deformation behavior of specimens has changed
from “ignoring” in forming to ‘“dominating” in
micro-forming. The influence of individual grain
heterogeneity leads to the inhomogeneous material
deformation behavior in many respects, such as the
bending characteristics of parts in micro-extrusion
process [21], and the unequal feature height of parts
in micro-coining process [22,23], so individual
grain heterogeneity is an indispensable factor when
analyzing the material behavior in micro-forming.
However, studies on the deformation behavior of
micro-sized materials from the perspective of
individual grain heterogeneity are limited.

Furthermore, there is still a lack of systematic
studies on the quantitative characterization of the
influence of individual grain heterogeneity in
micro-forming. In terms of the influence of
individual grain shapes, MA et al [24] established a
model by using regular hexagons to describe the
grain shape for the convenience of calculation, but
regular hexagons cannot represent the true shape of
grains. In order to accurately analyze the material
deformation behavior in micro-forming, multiple
sample models need to be established. Considering
that the orientation and shape of individual grains
have strong randomness, it is difficult to obtain and
establish all sample models through scanning
electron microscope (SEM) and electron back-
scattered diffraction (EBSD). In recent years, the
concept of Voronoi polygons has been applied
extensively in describing the grain shape [25,26],
but further research is still needed to explore the
relationship between Voronoi polygons and the
microstructure of materials. In terms of the
influence of individual grain orientations and
positions, pole figures are commonly applied to
expressing the effects of grain orientations.
However, this method requires high-energy
synchrotron radiation sources, resulting in its high
cost and equipment dependence in practical
application.

Therefore, this research aims to study the
influence of individual grain heterogeneity on the
deformation behavior of micro-sized materials in
depth and then develop an accurate modeling
method. First, tensile and micro-hardness tests were
carried out to investigate the size effects on the
deformation behavior of CuZn20 foils. Then, a
composite modeling method under consideration of
the heterogeneity of both the grain shape and grain
orientation was proposed.

2 Experimental

CuZn20 foils with a purity of 99.9% and
different thicknesses from 30 to 400 pm were used
to conduct tensile tests. The tensile test was
designed according to the ASTM ES8 standard, and
the gauge length and initial width for all specimens
were kept constant at 50 mm and 12.5 mm,
respectively. In order to improve the clamping
stability, fine sandpaper was pasted on both ends
(outside the gauge length) of the 30 um foil
specimen. In order to obtain similar grain sizes and
eliminate the effect of rolling hardening, foils were
subjected to adequate recrystallization annealing at
different temperatures for different time in a
vacuum furnace. The intercept line method was
used to measure the average grain size of foil
specimens. The material parameters and correlated
annealing conditions are listed in Table 1. The flow
stress of CuZn20 foils was determined by averaging
the data of six specimens of each thickness.

Table 1 Annealing conditions and material parameters of
CuZn20 foils

Thickness/ Annealing Grain size/ .
o Time/d
pm condition pm
400 400°C,1h 34.6£7.8 11.6
100 500°C, 1 h 33.8+6.7 3.0
30 600°C, 1 h 342483 0.9

After deformation, the Vickers hardness of
specimens was tested with the micro-hardness tester
(HVS—10E). All specimens were mounted, polished,
and etched before testing. The test was carried out
by holding the pressure for 10 s under a load of
10 g. The indentation was ensured to be pressed in
the interior of grains to avoid the influence of grain
boundary impurities on the hardness value (Fig. 1).
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Three specimens were tested in each group. The
contour maps in this research were drawn by
MATLAB software according to the coordinates
and the hardness values of indention points.

f Indentation

é Specimen

——p Length direction

= Thickness direction

Fig. 1 Schematic diagram of micro-hardness test
3 Results and discussion

The true stress—true strain curves of CuZn20
foils are shown in Fig. 2, indicating that the flow
stress of foil specimens and the true strain at the
breaking point decrease with the decrease of foil
thickness. Besides, the standard deviation (SD),
namely the scatter of flow stress, increases with
decreasing the foil thickness.
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True stress/MPa
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True strain
Fig. 2 True stress—true strain curves of CuZn20 foils

with different thicknesses

The foil specimens with thicknesses of 400
and 30 um after fracture are shown in Fig. 3. It can
be seen that the fracture behavior of all 400 um
specimens is consistent, with the fracture located
within the gauge length and close to the middle of
the specimen. In contrast, the fracture behavior of

the 30 pm specimens shows strong scatter, and
the fractures appear both inside and outside the
gauge length. Furthermore, compared with the
undeformed region, the 400 um specimens rather
than 30 um specimens show obvious necking
phenomenon. The above results exhibit a distinct
size effect phenomenon.
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Fig. 3 Photos of specimens after fracture with different
thicknesses: (a) 400 um; (b) 30 pm

3.1 Flow stress and true strain

Since the deformation degree of a material has
a positive correlation with its hardness, the hardness
distribution can characterize the material
deformation distribution. Nearly 330 and 40
indention points were used to construct the contour
maps of foils with thicknesses of 400 and 30 um,
respectively. As shown in Fig. 4(a), the hardness
distribution of foil specimens with a thickness of
400 um is basically consistent and corresponding to
their fracture locations. The hardness value at the
fracture position is the highest, and gradually
weakens to both sides. In contrast, the hardness
distribution of the 30 pm specimens is disordered,
which is relevant to the hardness value of individual
grains (Fig. 4(b)). In general, the relatively uniform
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Fig. 4 Hardness distribution maps of foils with different thicknesses: (a) 400 pum; (b) 30 pm

hardness distribution of the 400 pm specimens
indicates that the grains in the deformation area
have undergone a homogeneous hardening behavior
during the deformation process. the
hardness distribution of the 30 um specimens
exhibits block characteristics, which means that the
hardening behaviors of grains in the deformation
area are different.

Because of the crystal structure characteristics,
along the loading direction, soft oriented grains are
much easier to deform than hard oriented grains.
Besides, the deformation of soft oriented grains is
usually originated from the joint region of
grain-boundaries or the position where the grain
shape has a sudden change. Therefore, grains that
own soft orientations or unique shapes are much
easier to deform than other ones. Since the
deformation performs in the way of minimizing
energy consumption [11], an easy-deformation-
chain can be obtained by overlapping easy-
deformation-grains in the material during the
process of plastic deformation. As shown in
Fig. 5(a), for foils that own numerous grains,
easy-deformation-grains and difficult-deformation-
grains evenly distribute in the deformation area,
so it is hard to form the easy-deformation-chain.

However,

(a) M Easy-deformation-grain
[]

Tensile

load load
(b) Easy-deformation-chain
/ \
il EEEE EEEE ©EE BN EEEEE EEE BN

EEEEE EEEE BN BN ENEE § EEE EEB
Tensile
load

Tensile
load
Fig. 5 Schematic of formation of easy-deformation-chain:
(a) Specimen with numerous grains throughout thickness;
(b) Specimen with small number of grains throughout
thickness

Besides, the rotation and deformation of grains
occur during the process of plastic deformation,
which causes difficult-deformation-grains to be
involved in the deformation. In other words, all
grains of thick foils in the deformation area can
participate leading to the
homogeneous deformation (Fig. 3(a) and Fig. 4(a)).
Therefore, the flow stress of thick foils reflects the
average hardening behavior of all grains in the
deformation area. However, as the foil thickness
decreases, it is easier to form the easy-deformation-
chain because of the small grain number in the

in the deformation,
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thickness direction (Fig. 5(b)). Besides, with the
decrease of grain number in foils, the compatibility
between adjacent grains becomes worse and it is
difficult to transfer the dislocation pile-up among
grains, so it is much more difficult or even
impossible for difficult-deformation-grains  to
participate in the deformation. Therefore, once this
easy-deformation-chain is established, remarkable
deformation will occur and concentrate on several
easy-deformation-grains, eventually leading to the
premature fracture. This may be the reason that the
30 pum foil has very small true strain (Fig. 2) and its
hardness distribution shows block characteristics
(Fig. 4(b)). In a word, for thin foils, only a small
number of grains can participate in the deformation,
so their flow stress actually only reflects the
average hardening behavior of several easy-
deformation-grains, which is the root cause of their
low flow stress.

3.2 Inhomogeneous deformation behavior
According to the above analysis, the smaller
the number of grains in the deformation area, the
easier it is to form the easy-deformation-chain, so
the deformation is more concentrated. From the
microstructure of the 30 um foil specimen (Fig. 6),
it can be observed that there is only one grain
throughout the thickness and grains along the length
direction are all different in shapes and orientations.
If some grains are in the soft orientation or in the
stress concentration region, they will undertake a
mass of deformation and dominate the property
of foils. Therefore, soft grains and the stress
concentration region, or rather, the orientation and
shape of individual grains both play key roles in
determining the property of the whole material. It is
noteworthy that grain orientation and shape both
appear randomly, thus resulting in the significant
difference in the microstructure of thin foils, even if
foil specimens have the same thickness. This is the
reason why foils with a small thickness show a
large scatter of flow stress and fracture behavior.
However, as to thick foils, such as the foil specimen
with a thickness of 400 pm, it is difficult to form
the easy-deformation-chain because
numerous grains randomly distributing in the
deformation area, so the deformation cannot focus
on one specific grain. The influence of individual
grain shape and orientation is so little that the

there are

difference in the microstructure of foils can be
neglected. Therefore, thick foil specimens of the
same material exhibit homogeneity and their flow
behavior shows similarity.

~—— | oad direction ==

Fig. 6 Microstructure of foil specimen with thickness of
30 um

Based on the above analysis, it can be
concluded that as the foil thickness decreases, the
deformation mode of foils changes from the
uniform deformation of all grains in the
deformation area to the concentrated deformation of
grains in the easy-deformation-chain. The dramatic
increase of heterogeneity effects of individual grain
orientations and shapes induces an increasing
inhomogeneous deformation behavior, which is the
root cause of size effects of foil deformation
behavior.

4 Modeling of individual grain hetero-
geneity

4.1 Characterization of influence of grain
orientation

Based on the hardening behavior of individual
grains, the mechanical behavior of individual grains
can be divided into seven groups and the proportion
of each group of individual grains follows the
normal distribution [27,28]. In addition, the
heterogeneity of individual grain orientation can be
expressed as follows. Each grain owns unique flow
stress, and the average flow stress of individual
grains can take the same value with the average
flow stress of material in model building [28,29].

An estimation method for the flow stress of
individual grains is proposed, which is described as
follows:

(1) The average and the standard deviation
(SD) of flow stress are obtained by mechanical
experiments (the number of grains is not less than
five).

(2) Estimating the upper bound and lower
bound of the flow stress for the individual grain.
As shown in Fig. 7, the maximum, average, and
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minimum values of the flow stress for specimens
with specific geometric and grain sizes can be
obtained by experiments. It is assumed that one
specimen contains only three groups of grains, that
is, grains with the maximum flow stress, grains
with the average flow stress, and grains with the
minimum flow stress, and the flow stress of one
specimen is produced by combining the flow stress
of two different individual grains with equal
contribution. Then, the upper (lower) bound of the
flow stress for the individual grain can be
calculated from the upper (lower) bound of the flow
stress for the specimen with the SD of flow stress.

(3) Dividing the flow stress of individual
grains into seven groups. The flow stress of
individual grains is divided into seven groups
averagely in the interval of the estimated upper and
lower bounds of individual grain flow stress, as
shown in Fig. 8.

500
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Fig. 8 Dividing flow stress of individual grains into
seven groups

of upper bound and lower bound of individual grain flow stress curves (PDF—Probability density

(4) Calculating the proportions of seven
groups of individual grains according to the normal
distribution law and the probability density function
(PDF). The proportion of individual grains in each
group is given in Table 2.

Table 2 Proportion of individual grains in each group
Group No. 1 2 3 4 5 6 7

12 13 32 13 12 9

Proportion/% 9

4.2 Characterization of influence of grain shape

Based on the geometric similarity between the
grain shape and the Voronoi polygons, a method for
generating high-fidelity Voronoi polygons of
materials is proposed. Taking the generation of
two-dimensional Voronoi polygons as an example
and assuming that the material has a length L, a
width W, and a grain size d, the Voronoi tessellation
method is described as follows:

(1) Generate a rectangle with length L and
width W, and then equally divide this rectangle into
several congruent rectangular cells with the length
of 2a and the width of 2b. Therefore, the number of
cells in the length direction (Np) is L/(2a), and the
number of cells in the width direction (Nw) is
Wi(2b).

(2) Assuming that the coordinates of the center
point of a cell are (x, y), a seed point is randomly
arranged within the cell. To achieve the
interventional control of seed point placement, the
seed point is restricted within a control rectangle
with diagonal vertices (x—aa, y—fb) and (x+oa,
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y+pb), where o and S are the distribution control
coefficients of the seed point.

(3) It is assumed that the distribution of the
seed point within the control rectangle is random.
Taking the random numbers u and v (0<u, v<1), the
coordinates of the seed point in the control
rectangle can be expressed as (xtaa(2u—1),
VHBb(2v—1)).

(4) According to the seed arrangement rule
described above, Voronoi polygons of the material
are generated by MATLAB software.

It is assumed that the distribution probability
of seed points in the length and width direction of
rectangular cells is equal, that is, 2a=2b=d and a=0.
By inputting different values of the scatter factor o/,
Voronoi polygons with different morphologies can
be obtained. The generated Voronoi polygons are
shown in Fig. 9, indicating that as the value of the
scatter factor a’ increases, the scatter degree of the
generated Voronoi polygons increases.

The topology information of Voronoi polygons
is extracted and then input to the autoCAD software.
The sizes of Voronoi polygons are statistically
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measured by the intercept line method. Under a
certain value of scatter factor o', the variation
coefficient of the size of Voronoi polygons is
calculated as

S(d
C(o,)= 573)

where S(d,) is the SD of the size of Voronoi
polygons d, and d, is the average value of the size
of Voronoi polygons d.

The relationship between the variation
coefficient of the size of Voronoi polygons and the
scatter factor a' is shown in Fig. 10.

After establishing the relationship between the
variation coefficient of the size of Voronoi
polygons and the scatter factor ', the high-fidelity
Voronoi polygons of a certain material can be
generated according to the microstructure of the
material. The specific procedures are described in
the following by taking the generation of Voronoi
polygons of CuZn20 foils with a thickness of
100 pm as an example. First, the average grain size
and its SD are obtained based on the metallography

x100% (1)

(b) 10

“
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Fig. 9 Generated Voronoi polygons: (a) a'=0; (b) a=0.5; (¢) a'=2; (d) a'=8
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Fig. 10 Relationship between variation coefficient of size
of Voronoi polygons and scatter factor o’

analysis of the experimental specimen (Table 1).
Then, the value of variation coefficient is calculated
based on Eq. (1), which is 19.8% for this CuZn20
foil specimen. Therefore, the value of the scatter
factor o' can be obtained according to the
established relationship (Fig. 10) using the
semi-inverse method, which is 0.62. Finally, based
on the size of the specimen and the value of scatter
factor a', Voronoi polygons are generated by
MATLAB software. The comparison between
generated Voronoi polygons and the microstructure
of foil specimen is shown in Fig. 11, indicating that
generated Voronoi polygons have high similarities
to the microstructure of the foil.

4.3 Application
4.3.1 Calculation of flow stress

A set of micro-bulk upsetting experiments
from literature are used to evaluate whether
the proposed method can analyze the scatter

> 4
Voronoi
boundary

Fig. 11 Comparison of generated Voronoi polygons (a)
and microstructure of foils with thickness of 100 um (b)

characteristics of the flow stress of the material [28].
Relevant experimental parameters are given in
Table 3.

of micro-bulk

Table 3 Experimental parameters

upsetting experiment

Specimen Specimen Grain dod
No. size/mm size, dg/pm §HG

1 ds0.5%0.75 40+10.3 12.5

2 ds0.5x0.75 180+:87.4 2.78

According to the estimation method of the
flow stress for individual grain proposed in Section
4.1, the flow stress of seven groups of individual
grains is estimated based on the flow stress of
copper specimens. Moreover, according to the
description of individual grain shape proposed in
Section 4.2, Voronoi polygons of the base material
are generated using the material parameters in
Table 3. Then, as shown in Fig. 12, the mechanical
properties of the base material can be obtained by
assigning the flow stress of seven groups of
individual grains into each Voronoi polygon of the
base material randomly. In the randomization
process, the proportion of individual grains is in
accordance with Table 2. After that, sample models
are randomly extracted from the base material
according to the cross-sectional dimension of the
copper specimen, as shown in Fig. 12. Therefore,
the flow stress of extracted sample models is
calculated:

n
o(e) =Y vo(e), ()
i=1
where n is the number of grains in the sample
model, v; is the proportion of the ith grain in the
sample model, and o(¢); is the flow stress of the ith
grain.

The calculated flow stress curves of six sample
models extracted from the two base materials with
the grain size of 40 and 180 pum are shown in
Figs. 13(a) and 13(b), respectively. In general, the
calculated flow stress curves of six sample models
in two base materials both show the scatter
behavior. Moreover, as the grain size increases
from 40 to 180 um, the scatter degree of calculated
flow stress curves intensifies but the average value
of calculated flow stress significantly reduces.
Besides, when comparing the experimental results
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Fig. 12 Extraction of sample models from different base materials: (a) dg=40 pum; (b) dg=180 um
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Fig. 13 Comparison between calculated values and experimental results of flow stress: (a) dg=40 um; (b) dg=180 um

and calculated values of flow stress, as to the base
material with grain size of 40 pm, the distribution
of calculated flow stress for six sample models
matches the SD of experimental flow stress very
well. When the grain size increases to 180 pm, the
distribution range of calculated flow stress is less
than the SD of experimental flow stress. In an
investigation of the friction behavior in micro-
forming, DENG et al [30] found that the friction
increases sharply with the decrease of grain
numbers in the sample. The method proposed in
this research does not consider the contact and
friction behavior between the specimen and die
surface, which may be the cause of the difference

between calculated values and experimental results.
Nonetheless, the calculated values of flow stress are
in good agreement with the experimental results.
4.3.2 Analysis of material deformation distribution
To verify the effectiveness of the proposed
method in analyzing the size effects on material
deformation distribution, the tensile tests of
CuZn20 foils with a thickness of 400 and 30 um
conducted in this research are simulated by
ABAQUS/standard, respectively. The heterogeneity
effects of both shapes and orientations of individual
grains are considered in the modeling process.
According to the estimation method of the flow
stress for individual grain proposed in Section 4.1,
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the flow stress curves of seven groups of grains
are estimated based on the experimental flow stress
of CuZn20 foils and introduced into the
ABAQUS/property module. Meanwhile, according
to the representation method of individual grain
shape proposed in Section 4.2, Voronoi polygons of
foils are generated using the material parameters in
Table 1 and introduced into the ABAQUS/part
module. Then, according to the proportion of each
group of individual grains given in Table 2, the
mechanical properties of seven groups of individual
grains are randomly assigned to Voronoi polygons

of foil specimens in the ABAQUS/Property module.

CAXA4R element is used in the simulation. The
serviceable load and displacement are applied to the
finite element (FE) models.

The simulation results of deformation
distribution for the foil with a thickness of 400 pm
are shown in Fig. 14(a), indicating that the
equivalent plastic strain (PEEQ) is evenly
distributed along the length direction of the
specimen. The width in the middle of the specimen
is significantly less than the width at both ends,
demonstrating that the specimen has undergone a
large amount of deformation. Moreover, there is an
obvious necking phenomenon in the middle of the
specimen. In addition, the deformation distribution
states in four simulations are similar.

The simulation results for the foil with a
thickness of 30 um are shown in Fig. 14(b). It can
be seen that the PEEQ of four simulated specimens
is disordered and exhibits block characteristics. The
specimen width changes little along the length

(a) Uniform distribution of deformation

direction, and the necking phenomenon before
fracture is not obvious, which proves that the
specimen produces small deformation before
fracture. In addition, the fracture position of the
specimen appears randomly. The above simulation
results are in good agreement with the tensile and
micro-hardness test results (Figs. 3 and 4).

In addition, it is found that the tensile
fracture surfaces in Fig. 3 are inclined slightly to
the tensile direction, which is not as obvious as that
in Fig. 14. In order to characterize the influence of
grain orientation, the mechanical behavior of
individual grains is divided into seven groups in
modeling, but this is not enough to cover all grain
orientation types. In the actual deformation process,
there are some grains in extremely soft orientation
and a large amount of deformation will be
concentrated in these grains after the load is
applied, so the deformation is difficult to transfer to
other grains, causing rapid fracture of the specimen.
Moreover, it is difficult to make the specimen axial
and tensile direction completely parallel during
experiments because the foil is too thin to be
clamped, and slight vibration can also cause rapid
fracture of the foil specimen. In contrast, the
deformation amount of the specimen during the
simulation process is larger than that under the
experimental condition. Therefore, the fracture
inclination of the specimen by simulation is greater
than that of the experimental result. These may be
the reasons that the fracture phenomenon by
experiments is not as obvious as the simulation
result.

(b) Non-uniform distribution of deformation

Breaking point

2

A
Breaking point

%

Fig. 14 Simulation results of deformation distribution for foil with different thicknesses: (a) 400 um; (b) 30 um



3004

5 Conclusions

(1) As the foil thickness decreases, the
deformation mode of foils changes from the
uniform deformation of all grains in the
deformation area to the concentrated deformation of
grains in the easy-deformation-chain.

(2) The flow stress of thin foils actually only
reflects the average hardening behavior of several
easy-deformation-grains, which is the reason why
thinner foils own smaller flow stress.

(3) An efficient estimation method for the flow
stress of individual grains is proposed.

(4) High-fidelity Voronoi polygons are
generated according to the microstructure of
material.

(5) A composite modeling method under
consideration of individual grain heterogeneity is
developed. The size effects on the material
deformation behavior in micro-forming can be
analyzed accurately with this method.
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