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Abstract: A new polycrystal model was presented from the viewpoint of polycrystal structure of the billets considering free surface
effects. In the model, the billet was divided into three portions, such as free surface portion, transition portion and internal portion.
The grains in free surface portion were considered the single grains, and the anisotropy of the grains was taken into account by
introducing grain orientation to explain the inhomogeneous deformation. In the transition portion, the effects of the neighbouring
grains were adopted in the model. The grains in the internal portion were considered the polycrystalline material. With the developed
model, the upsetting deformation process was simulated by the MSC Superform software. The scatter of the flow stress and
inhomogeneous deformation was observed by analysis of the model. The comparisons show that the computational results are good
agreed with the experimental results. This means that the presented model is effective.
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1 Introduction

From the viewpoint of production engineering,
micro forming is an effective process to fabricate various
micro parts for micro electro mechanical systems
(MEMS). Since the microstructure and surface roughness
of the specimens keep constant during miniaturization of
the parts, size effects occur in micro forming processes.
The classical plastic theories are yet not enough to
explain the phenomena, so lots of investigations on
micro forming processes have been carried out in recent
years [1—2]. The size dependence of the flow stress on
the billet dimensions have been identified by several
micro forming processes [3—6]. When the size of the
components decreases to the same order of the
magnitude as the grain size, individual grains dominate
the deformation of the billets. This leads to the
decreasing of the dimensional accuracy and mechanical
property homogeneity of the formed micro parts. The
investigations have been done in Refs. [7-8] using
bending tests, and micro combined extrusion tests
respectively.

Since the metal forming technology for the

production of micro parts was characterized by an
empirical processes design, a new simulation method in
thin sheet metal forming has been tried in Ref. [9] by
introducing a size factor based on the investigations of
size effects using the tensile and hydraulic bulging tests.
Based on the polycrystal structure of billets, ENGEL et
al [10] presented a FE-simulation model by dividing the
billets into two parts, the surface portion and the internal
portion. To describe the material behaviour in a more
detail way, a mesoscopic model has been developed by
considering the effects of the size and location of the
grains based on the metal physics [11-12]. From the
polycrystal materials, a finite element model of grain and
grain boundary elements was developed [13]. However,
the effect of single grain orientation is not considered,
and the anisotropy of the grains and the strain hardening
are neglected in the model.

The purpose of this work is to present a polycrystal
model to investigate the micro forming processes from
the viewpoint of polycrystal structure considering the
surface effects and the deformation compatibility. The
effects of the anisotropy of the grains and the strain
hardening were taken into account in the model by
considering the effect of single grain orientation.
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2 Foundation of model

2.1 Theoretical backgrounds

With the decrease of the dimensions, size effects
occur in micro forming processes. The dependence of the
flow stress on the specimen size cannot be analyzed with
the traditional theories applying the similarity theorem.
So it is necessary to present a new model by analyzing
the deformation mechanism. With the miniaturization of
billets, the material is neither homogeneous nor isotopic
and should be considered from the viewpoint of
polycrystalline  structure. Because of dislocation
accumulation, the flow stress of the grains in the free
surface layer is less than that of the internal grains of the
billet because the dislocation segments near the free
boundaries tend to move towards the boundary and
annihilate [14]. On the other hand, the deformation
incompatibility can lead to a higher flow stress in the
polycrystalline material deformation because the number
of acting slip systems is much larger than that in the
single grain deformation [15]. Concerning the effects of
the two factors mentioned above, the grains in the free
surface layer are able to deform at a lower flow stress
compared with internal grains in the polycrystalline
material, and the deformation compatibility is easily
realized. With a constant grain size, the number ratio of
the grains in the free surface layer to the total grains
becomes larger with the decrease of the dimension,
which leads to the size dependence of the flow stress.

When the specimen dimensions scale down to the
same order of the magnitude as the grain size, the billets
cannot be considered homogeneous materials. Individual
grains dominate the properties of the materials, and the
anisotropy of the grains should be taken into account.
The random distributions of the grain orientations play
an important role in the inhomogeneous deformation in
the micro forming processes. These effects should be
considered in the model.

2.2 Polycrystalline model

Based on the analysis mentioned above, a new
model is developed with the assumption that the grains
are hexagon. Considering the effect of free surface, the
billets are divided into three portions, namely free
surface portion, transition portion and internal portion, as
shown in Fig. 1. The free surface portion includes the
grains on the free surface of the billets, and the thickness
is only one grain or half grain in the radial direction. Due
to the slight grain boundary strengthening and less
constraint, the flow stress of the grains resembles that of
the single crystals in the free surface portion. The flow
stress is not homogeneous because of the grain
anisotropy, and three grain orientations are considered,

namely, (100), (110) and Schmid factor of 0.5
(siny-cosA=0.5). The data of flow stress in Refs. [16—17]
are used, as shown in Fig.2. The distribution of these
three kinds of grain orientations is determined by a
stochastic function, and proportion is selected as 5:3:3
randomly. The color of each hexagon in free surface
portion shown in Fig. 1 denotes the grain orientation.
This model considering grain orientation and its
stochastic distribution in the free surface portion is
different from the Engel’s model.
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Fig. 2 Flow stress of single crystal

The following portion is the transition portion,
which is a layer between the surface portion and internal
portion, and its thickness is selected as four grains in the
radial  direction.  Considering the deformation
compatibility, the deformation behavior of the grains in
this portion is determined by neighboring grains. The
flow stress is calculated by

1 N
o; =—Zlc Toe (1)
ZG n=1
If the strain is assumed to be uniform in the
deformation and the strain hardening is considered,
Eq. (1) is changed to Eq. (2):

1 N
oF} (gm) = I_Z Zc "OnG (gm) (2)
G n=1
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where N is the number of the neighboring grains; (&)
is the flow stress of the grains in the transition portion
with strain e,; I is the total grain boundary length;
on6(em) 1s the flow stress of the neighboring grains with
strain &,,; and /. is the contact boundary length of the two
neighboring grains.

The last portion is the internal portion, which is
considered the polycrystalline material, and the flow
stress resembles that of the polycrystalline material. The
data in this portion are obtained by the upsetting
deformation at room temperature with a column
specimen of 3 mm in diameter and 4.5 mm in length.

All the simulations are carried out using the finite
element simulation program MSC Superform 2005. The
generated model consists of 30 000 quadrilateral
four-node elements. The friction factor m is fixed to be
0.1 in all the simulations.

3 Results and discussion

3.1 Experimental preparation of micro upsetting

Compared with the traditional upsetting tests, the
micro upsetting tests are different in billet preparation,
lubricant and test equipment, etc., because of the
miniaturization of the specimen size. There are two basic
ways to investigate the size effects in micro forming
processes. One way is that the grain size keeps constant
when scaling down the dimensions of billets, and another
way is that the dimensions of the billets keep constant
with increasing the grain size. The latter one is selected
in the work.

The commercially pure aluminum was selected as
the experimental material, and it was machined to
d 1 mmx1.5 mm billet. The heat treatment processes
were carried out to get large grain size at 400, 500 and
600 °C for 1 h, and the achieved grain sizes were 37, 57
and 98 um, respectively. The tests were carried out with
the strain rate of 2x107° s ' at room temperature on the
apparatus that was developed by authors. In the
apparatus, a high stiffness piezoelectric device was
chosen to get high displacement accuracy. A special data
collection system was designed for the measurement of
the force and displacement during tests [18]. With the
presented polycrystalline model, simulations were
performed at the strain rate of 2x10°s ™.

3.2 Analysis of simulation results

Figure 3 shows the comparison of the flow stress
between simulation and experimental results. Three
kinds of specimens are used in comparison. The
simulation results with grain size L of 98 um are more
close to the experimental results than those with
smaller grain sizes of 37 um and 57 pm. The maximum
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Fig. 3 Comparison of flow stress between simulation and
experimental results: (a) L=37 um; (b) L=57 um; (c) L=98 um

difference is 10% compared with the experimental
results when the gain sizes of 37 um and 57 um are used.
And the flow stress of the simulation results is in the
range of experimental results with grain size of 98 pm.

In order to investigate the scatter of the flow stress,
different distributions of grain orientations in the free
surface portion is selected with the same grain
orientation and proportion. When the distribution of
grain orientation is changed, the flow stress is different,
as shown in Fig. 4. This means that the location of single
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grain has an obvious effect on deformation in micro
forming.

Figure 5 shows the distribution of the equivalent
stress and strain. It can be clearly seen that
inhomogeneous deformation occurs, which is related to
the distribution of the grain orientations. The
inhomogeneous deformation may lead that the deformed
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Fig. 4 Effect of grain orientation distribution on flow stress
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Fig. S Distribution of equivalent stress and plastic strain (L=57
pm): (a) Equivalent stress; (b) Equivalent plastic train

specimen surface is not smooth. To wvalidate the
simulation results, contour lines of deformed specimen
surface are measured with confocal laser scanning
microscope (LEXT 3D OLS3000). A random topography
is observed as shown in Fig. 6. This means that the
deformation behavior of the billet is affected by each
single grain. The result indicates characteristic of micro
forming that the deformation is stochastic distribution for
the small amount of grains in specimen.
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Fig. 6 Contour line of deformed specimen surface (L=57 pm)
4 Conclusions

1) A new model is presented by dividing the billets
into three portions, the surface portion, the transition
portion and the internal portion. The grain orientation
and its random distribution are considered in the surface
portion.

2) The flow stress is different when the distribution
of grain orientation is changed, and inhomogeneous
deformation is observed. This means that deformation
behavior of billets is affected by each single grain.

3) The comparison of the simulation and
experimental results shows that the model can be used to
simulate the flow stress—strain curves, scattering of the
flow stress and inhomogeneous deformation. It confirms
that the model is effective for the simulation of micro
forming processes.
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