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Abstract: To analyze the effect of single grain deformation behaviors on microforming process, a crystal plasticity model was
developed considering grains at free surface layer as single grains. Based on the rate-dependent crystal plasticity theory, the analysis
of the scale effect mechanism on upsetting deformation of micro rods was performed with respect to specimen dimension, original
grain orientation and its distribution. The results show that flow stress decreases significantly with the scaling down of the specimen.
The distribution of the grain orientation has an evident effect on flow stress of the micro specimen, and the effect becomes smaller
with the progress of plastic deformation. For the anisotropy of single grains, inhomogeneous deformation occurs at the surface layer,
which leads to the increase of surface roughness, especially for small specimens. The effect of grain anisotropy on the surface
topography can be decreased by the transition grains. The simulation results are validated by upsetting deformation experiments. This
indicates that the developed model is suitable for the analysis of microforming processes with characteristics, such as scale
dependency, scatter of flow stress and inhomogeneous deformation.
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1 Introduction

With  the rapid development of micro-
electro-mechanical systems (MEMS) and micro-system
technologies (MST), more and more microparts used in
these systems are required in greater quantities [1].
Forming technology seems to be more suitable for
meeting the demands of serial production due to its high
production output [2]. Microforming is a metal forming
process, which is understood to be the production of
parts or structures with at least two dimensions in the
submillimeter range. For the existence of the size-scale
effect, the knowledge of microforming processes is
mainly based on in-house experience and trial and error
procedures, which prevents the transfer of existing
know-how of standard forming processing with
conventional dimensions. With geometrically similar
tensile and hydraulic bulging tests, the flow stress of thin

sheet was found to decrease with the decrease of
specimen dimensions [3]. The influence of the material
microstructure on the mechanical properties of metal
foils was discussed with thicknesses ranging from 25 to
500 pum [4]. In bulk metal forming, the scale effect on the
micro-scale plastic deformation was investigated via
micro-cylindrical compression test [5,6]. Based on the
theory of metal physics, a mesoscopic model was
developed considering different grain structures to
analyze the scatter of the process factors [7]. By
generating grain structure, the influence of grain size and
its position was taken into account in the mesoscopic
model [8]. It was found that the ratio of grain size to
feature dimension had an obvious effect on the size-scale
effect. The experiments showed a decrease of the yield
strength with a decreasing number of grains over the
thickness up to one grain over the thickness. For the
grain with size larger than the thickness of specimen, the
yield strength tends to increase with increasing the grain
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size [9]. A new constitutive model considering parameter
T/D (thickness/average grain size) was proposed, and the
size effect of the flow stress was analyzed in details [10].
In this work, the scale dependent characteristics of
micro metal polycrystalline rod deformation were
studied by developing an analysis model based on the
crystal plasticity theory. For lower constriction, the
grains at the free surface layer of a micro rod were
treated as single grains, and their deformation behavior
was analyzed by using a crystal constitutive model based
on the rate-dependent crystal plasticity theory. With the
same grain size, the scale effect of micro rod dimension
on flow stress was investigated, and the scatter of flow
stress was analyzed by changing the distribution of
original grain orientation. The effects of the original
grain orientation and its distribution on the
inhomogeneous deformation were studied systemically.
The simulation results were proved by the upsetting
deformation experiments with micro copper rods.

2 Procedure of FE simulation applying

crystal plasticity theory
2.1 Analysis model for micro

deformation

When the dimensions of a specimen are scaled
down to the submillimeter range, there are only several
grains in the radial direction as shown in Fig. 1. Every
single grain in the micro specimen plays an important
role during the plastic deformation. From the physical
mechanism of the metal plastic deformation, the grain
boundaries are work-hardened for the increase of
dislocation density which is resulted from the
accumulation of dislocations. With the miniaturization of
the specimen, the situation is changed for the free surface
effect. The dislocation segments near the free boundaries
tend to move towards the free boundary and annihilate
[11]. Tt is found that hardening zones originate not from
the grain boundary regions but rather concentrate at grain
boundary triple junctions [12]. Therefore, the grain
boundary strengthening effect dwindles at the free
surface layer and further leads to the flow stress decrease
of the whole specimen. The deformation behavior of
grains at the free surface layer is near to that of single
grains, and the characteristics of a single grain, such as
elastic anisotropy, grain orientation and its distribution,
should be considered in microforming. To analyze the
mechanism of the scale effect during the miniaturization,
the grains at free surface layer are treated as single grains
and analyzed with crystal plasticity theory. The grain
boundary sliding and hardening are precluded, and the
grain boundaries are modeled as being perfectly bonded.
Considering that the internal grains are restricted by
neighboring grains, the plastic deformation tends to be

rod upsetting

uniform like that in traditional macroforming which can
be analyzed with continuum mechanics. A classical FE
method is chosen to analyze the deformation of internal
grains of micro rod specimen, as shown in Fig. 2.
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Fig. 2 Analysis model of micro rod

2.2 Crystal constitutive formulation

To analyze the deformation behavior of single
grains at the surface layer, a crystal plasticity model is
developed based on the rate-dependent single crystal
plasticity theory by considering the crystallographic slip
and rotation of the crystal lattice during the deformation.
The crystal kinematics follows those described by
ASARO [13], and the rate-dependent formulation
follows that developed by PEIRCE et al [14] and
BECHER [15]. The model is implemented as the user
subroutine in the commercial finite element code Abaqus
used in studies to simulate the deformation of grains.

The rate of Kirchhoff stress is given by

F=6-Wec+oW®=C:D" (1)
where C° is a fourth order tensor of the elastic moduli
and o is the Kirchhoff stress.

Considering the crystal plasticity, Eq. (1) can be
rewritten as

N
oc=C":D-) Ry )

a=1

R@ =c®.p@ 4 @ (3)
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Based on the Schmid law, slipping rate 7'*) of the
oth slip system in a rate-dependent crystalline solid is

determined by the corresponding resolved shear stress
(@)
(A

2.3 Foundation of finite element analysis

Based on the analysis above, the partition of micro
rod specimen is shown in Fig. 3. Since the grain size is
very large compared with the specimen dimension and
the amount of grains in micro specimen is very small, it
is difficult to obtain a synthetic material microstructure
and grain the orientation distribution near a real
specimen for the stochastic distribution of grain shape,
grain location and grain orientation. In this work, the aim
of the investigation is to study the effect of specimen
size, grain orientation and its distribution on the plastic
deformation behavior of micro rods. So, the grain shape
is simplified to a quadrangle, as shown in Fig. 3. Three
kinds of typical grain orientations and several kinds of
distributions are considered in the analysis. Pure copper
is selected as the material, and the parameters of single
grain used in crystal constitutive model are listed in
Table 1 [14]. The deformation behavior of the
polycrystalline part shown in Fig. 4 is obtained with
macro rod upsetting deformation at room temperature
using Instron 5569 test machine. The dimension of
specimen used in upsetting is d 2.8 mm x 4.2 mm, and
the grain size is 0.065 mm.
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Fig. 3 Partition of micro rod specimen
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3 Results and discussion

3.1 Scale dependency of flow stress

The simulation material is selected as FCC pure
copper. To compare with the experiment results, the
dimensions of micro rod specimens are d 0.81 mm x

Table 1 Parameters of Peirce hardening model [14]
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Fig. 4 Stress— logarithm strain (6—1ge) curve of pure
polycrystalline copper

1.62 mm and d 1.16 mm x 1.62 mm, respectively. The
grain size L of 0.065 mm is assumed, which is the same
as that of the micro rod specimen obtained by a heat
treatment process. In the simulation, three kinds of
original grain orientations (DGO) are assumed. The first
kind of original grain orientation (DGO 1) is defined as
follows: the surface layer grains are assumed to orientate
alternatively along two “extremal” orientations, i.e. [001]
and [011]. The curves of flow stress vs logarithm strain
obtained by simulation and experiment in upsetting
deformation are shown in Fig. 5. The comparison of
results shows that the simulation results are in good
agreement with the experiment data, which indicates that
the developed model based on crystal plasticity theory is
effective in the analysis of the microforming process.
With the same grain size, the scale effect of the
specimen dimension on the flow stress is shown in Fig. 6.
An obvious decrease of flow stress is observed when the
dimension of specimen is scaled down. This
phenomenon indicates that the scale effect of flow stress
occurs obviously. It can be analyzed with Eq. (5) from
the viewpoint of the metal polycrystalline deformation.
The flow stress of the micro specimen is a collective
response of single grains. For the lower restriction of
grain boundaries, the grains at the free surface layer can
be plastically deformed more easily than those in the
bulk specimen, which can be proved by the distribution
of Mises stress under the reduction in specimen height
(RH) of 0.2 mm as shown in Fig. 7. When the grain size
is kept constant, the fraction of grains at the free surface
layer becomes larger during the scaling down of the
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Fig. 5 Flow stress—logarithm strain (c—1I1ge) curves of

simulation and test with pure copper: (a) 40.81 mm X 1.62 mm,
L=65 pm;  (b) d1.16 mm x 1.62 mm, L=65 pum

specimen, which leads to the decrease of flow stress.

o= Vo, (5)
N

When the distribution of original grain orientation is
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Fig. 6 Flow stress—logarithm strain (c—1I1ge) curves of
specimen with different dimensions

changed, the situation is not the same. The second
original orientation (DGO II) is assumed as follows: two
neighboring grains are regarded as a group with the same
grain orientation, and the groups originally orientate
along [001] or [011] alternately. The ratio of two grain
orientations is also kept at 1.0 (DGO II). The difference
of flow stress obtained by DGO I and DGO 1I is
calculated at every logarithm strain, as shown in Fig. 8.
The results show that the flow stress of the specimen is
changed by the distribution of original grain orientation,
which leads to the scatter of the specimen flow stress.
The difference of flow stress is 5.3 MPa between
distribution I and distribution II at the yield point, which
is about 40% of the yield stress. The flow stress of
distribution I is larger than that of distribution II. The
reason is that two neighboring grains have the same grain
orientation in distribution II, which can be considered
that the grain size becomes larger, and the flow stress is
smaller according to the Hall-Petch relationship. With

Mises stress/MPa

X
¢
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Fig. 7 Distribution of Mises stress in 40.81 mm X 1.62 mm specimen (DGO I, RH 0.2 mm): (a) Throughout specimen; (b) Within

surface layer
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Fig. 8 Curve of stress difference vs logarithm (Ac—lge) strain

the progress of the plastic deformation, the grain
orientation turns and becomes easier to deform. As a
result, the difference of flow stress obtained from two
distributions becomes smaller.

3.2 Effect of original grain orientation on surface

topography

Since the material flows through the crystal lattice
via dislocation motion, inhomogeneous deformation
occurs in the free surface grains for different grain
orientations. The distribution of logarithm strain is
shown in Fig. 9 with micro rod specimen of d 0.81 mm x
1.62 mm (DGO I). An inhomogeneous deformation is
simulated, and the effect of original grain orientation is
so large that it has a clear effect on the surface
topography. The free surface of the micro rod specimen
presents a wave shape, which may lead to the increase of
surface roughness. This phenomenon can be proved by
the experiment result shown in Fig. 10. The wave shape
is observed clearly for the inhomogeneous deformation
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Fig. 10 Effect of grain orientation on surface topography (d
0.81 mm x1.62 mm)

between neighboring grains.

With the same distribution of the grain orientation,
the simulation is carried out with the specimen of d 1.16
mm X 1.62 mm, as shown in Fig. 11. An inhomogeneous
deformation also appears clearly. However, the effect of
inhomogeneous deformation on the surface topography
becomes weaker. The height of every wave is measured
from two specimen simulations shown in Fig. 12. With
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the decrease of specimen dimension, the height of wave
becomes larger, which means that the effect of grain
orientation increases with the decrease of specimen
dimension.

From the analysis of simulation results shown above,
the inhomogeneous deformation is induced by different
grain orientations. To investigate the effect in details, a
new distribution of grain orientation is considered as
follows. With the distribution DGO II, the simulation
result is shown in Fig. 13. Compared with the result
obtained with DGO 1, the effect of the grain anisotropy
becomes smaller because two neighboring grains have
the same grain orientation.
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In a real metal material, the orientation of every
grain is different for the stochastic distribution. To
investigate the effect of the grain orientation, the other
grain orientation [111] is considered in the simulation
model to study the effect of grain anisotropy in details.
Three kinds of original grain orientations [001], [011]
and [111] are assumed and arranged alternately, and the
grain number of every grain orientation is the same
(DGO II). The simulated logarithm strain is shown in
Fig. 14. The anisotropy of grains leads to an obviously
inhomogeneous deformation. It can be observed that
grains with “soft orientation” are deformed easily, and
the deformation of the grains with “hard orientation”
becomes difficult. Between the “soft orientation” [011]
and “hard orientation” [111] grains, there are transition
grains [001], which can reduce the effect of grain
anisotropy. This result clearly reveals the deformation
character of microforming in theory analysis. When there
are lots of grains in bulk materials, e.g., in macroforming,
the effect of grain anisotropy can be decreased by the
transition grains, and the homogeneous deformation can
be obtained easily. However, there may be only several
grains in micro specimen, and inhomogeneous
deformation appears stochastically for the lack of

transition grains. The microforming process shows the
characteristics of poor reproducibility. So, it is difficult to

completely simulate the microforming processes
theoretically.
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Fig. 14 Distribution of logarithm strain (d 0.81 mm x 1.62 mm,
DGO III, RH 0.2 mm)

4 Conclusions

1) With the same grain size, an obvious decrease of
flow stress is observed when the specimen is scaled
down because the grains at free surface layer can be
deformed easily.

2) The flow stress of specimen is changed by the
change of grain orientation distribution, which leads to
the scatter of flow stress. And its difference of different
grain orientation distributions becomes smaller with the
progress of plastic deformation for the grain orientation
turning. The distribution of grain orientation has an
obvious effect on the surface topography for the
inhomogeneous deformation.

3) As for the existence of “hard orientation” grain,
the inhomogeneous deformation becomes clearer. When
two neighboring grains have the same grain orientation
or a “hard orientation” grain is neighbored by a “soft
orientation” grain, the effect of the grain anisotropy
becomes weaker. The developed model based on crystal
plasticity theory is effective in the analysis of the
microforming processes.
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