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Size effects on plastic deformation behavior in
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Abstract: Micro radial compression tests were carried out on cylindrical specimens of pure copper polycrystals with different grain
sizes. Experimental results indicated that phenomena of decreasing forming force, increasing scatter of forming force and more
irregular surface topography occurred with the increase of grain size. A modified surface model based on dislocations pile-up in
surface layer grains, and a flow stress scattering formulation based on standard deviation and grain size distribution were proposed to
analyze size effects on forming force in micro compression. The inhomogeneous deformation of surface layer grains was discussed

by the main deformation manner of rotation. A good agreement with the experimental results was achieved.
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1 Introduction

A growing demand on micro metal components is
mainly driven by the quick development of micro electro
mechanical systems (MEMS) and micro
technology (MST). Some commercial micro metal parts
such as connector pins, miniature screws, contact springs,
chip leadframes and IC-sockets have been widely applied
to micro electronics [1,2]. However, kinds of
disadvantages restrict these micro manufacturing
methods widely applied to industry, such as micro
machining, micro-EDM, micro-electrochemical
machining and LIGA-process [3]. Micro-forming is a
promising technology in manufacturing micro metal
parts, because it offers many attractive virtues, such as
higher production rates, better material integrity, less
waste and lower manufacturing costs. However, when
material parameters keep constant, some challenges, like
size effects, during the scaling down of
components dimensions. The traditional material
deformation thesis cannot be applied directly to micro
scale deformation. A great deal of investigation has been
carried out by the former researchers. GEIGER et al
[4—7] did some experimental researches on size effects
of flow stress in micro upsetting deformation, and they
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proposed a surface model to interpret the phenomena.
Size effects also occur in micro sheet axial-stretching
deformation, and flow stress decreases with the
decreasing specimen thickness, excluding that grain size
is bigger than specimen thickness [8§—10].
EICHENHUELLER et al [11] studied the
deformation behavior in micro forming at elevated
temperature, and indicated that elevated temperatures are
suitable for enlarging the forming limits and minimizing
size effects in micro forming. WANG et al [12] and
CHAN et al [13,14] did some work on the size effects of
flow stress and scattering in micro upsetting deformation.
GEISSDORFER et al [15] developed a mesoscopic
model based on the intergranular interactional and
Hall—Petch relationship to analyze the mechanism of size
effects. SHEN and YU [16] proposed a composite model
to simulate the size effects on the reduction of flow stress
in micro-forming. CHAN et al [13] introduced a novel
method based on the experimental results and composite
model to analyze the effect of material microstructure
characterizations on deformation behavior and scattering
of flow stress. Comprehensive review on development of
size effects investigations in micro forming was
presented in Refs. [1,17-20]. These studies before were
focused on the decreasing of flow stress in micro-
forming. However, few researches have been done to
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analyze the mechanical of scattering flow stress.

In this study, effects of grain size on plastic flow,
forming force and its scattering were studied by micro
upsetting deformation of cylindrical specimens. A
modified surface model based on piling up of
dislocations in surface layer grains and a flow stress
scattering model based on standard deviation and grain
size distribution were proposed to analyze the

mechanism of size effects in micro upsetting deformation.

The inhomogeneous deformation in the surface layer
grains was discussed by the main deformation manner of
rotation.

2 Experimental

The dimensions of T2 copper cylindrical specimen
were d1.0 mm x 5.0 mm to obtain the plain strain
condition. The samples were annealed at temperatures
ranging from 400 °C to 800 °C, and the grain sizes were
in the range of 11.5—121 um, and the ratio of sample
diameter to grain size 4 was in the range of 8-97. The
annealing parameters and the obtained grain sizes are
shown in Table 1, and the microstructures of treated
materials are shown in Fig. 1. The lubricant graphite was
applied to minimizing the friction size effect in
experiment. The experiment was carried out at room
temperature with a strain rate of £=0.0025 s' and a
compression ratio of 50%.

Table 1 Heat treatment process and obtained grain sizes after

annealing
Annealing Grain  Ratio of sample diameter
parameter size/pm to grain size,
400°C,3h 11.5 97
600 °C, 12 h 30 33
800°C, 12h 121 8

3 Results and discussion

3.1 Influence of grain size on forming force

In traditional crystalline metal forming, material
mechanical behavior is dependent on grain size and can
be formulated by relationship among yielding stress o,
friction stress in lattice ogj, grain size d and material
constant K which represents the grain boundary effect
strength on the crystal mechanical behavior, that is,
Hall—Petch relationship:

o, =0y +K/\Jd (1)

However, the surface layer grains dominate the
deformation with the reduction of specimen size or the
increasing of grain size. Dislocations moving through
the grains pile up at grain boundaries but not at the free

Fig. 1 SEM images of specimens treated at different
temperatures: (a) 400 °C; (b) 600 °C; (c) 800 °C

surface during plastic deformation. It results in less being
hardened for surface layer grains than for the internal
grains. The material constant K of surface layer grain is
smaller than K; of the internal layer grains based on
dislocations piling-up, as shown in Fig. 2. Based on the
surface model [6], the flow stress can be expressed as

aszaSUS*s—i_aio-sfi (2)

where o, and «; represent the shares of surface and inner
face layer grains in the cross section of micro parts.

as+ai=1 (3)

Substituting Eq. (1) with K and K; and Eq. (3) into
Eq. (2), a modified surface model which denotes the
whole mechanical behavior of micro metal parts
considering the Hall-Petch relationship and piling up of
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dislocations is constructed.

2d
o =0, —[1—(1—3)2](1<i ~K)/d (4)
where o5, d and D (Fig. 3) are flow stress of internal
layer grains (equals polycrystalline), average grain size
and specimen diameter, respectively.

Dislocation
source

— Free face

Fig. 2 Dislocation piling-up model

Miniaturization

Internal grains

Surface grains

Fig. 3 Ratio of surface grains to total grains

The first term in the right of Eq. (4) is equal to flow
stress in macro metal forming, and the second term
represents the effect of surface grains on the integrated
mechanical  property. When D>>d, the term
[1-(1-2d/D)?*] approaches to zero, which means that the
surface layer grains affecting term almost has nothing on
the whole material mechanical behavior, Eq. (4) can be
simplified as o=o0y; This is accordant with the
traditional continuous material model. However, with
increasing of grain size d or decreasing of specimen size
D, the term [1—(1-2d/D)*] ranges from 0 to 1. The
surface grains affecting term has a negative effect on the
whole material properties, which means that o is smaller
than o,;. Accordingly, the reduction of forming force in
micro metal forming occurs, just as shown in Fig. 4.
When D=2d, just only two grains situate in the specimen
section, the term [1—(1-2d/D)*] equals 1, then Eq. (4) is

simplified to
o, =0y +KJ/Nd (5)

There are no internal grains in the specimen. This is
consistent with the former hypothesis of surface model.
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Fig. 4 Forming force and scatter in micro upsetting

From Fig. 4, an increasing trend of forming force
scattering is observed with the increasing of grain size. It
is a representative phenomenon in micro-forming. The
scatter mainly results from inhomogeneous distributions
of grain size and orientation with decreasing of grain
amount in a sample. The effect of distributions of grain
size and orientation on the flow stress can be expressed
as

o, =0y + KZ% 6)

i=1
O = MTaylorTc (7)

where f; and d; are the fraction and grain size of the ith
grain; # is the total number of grains in a sample; Mryior
and 7. are mean Taylor factor and critical resolved shear
stress.

It is clear that flow stress is also related to the
distributions of grain size and orientation especially for
several grains in the sample. To analyze the distributions
of grain size and orientation for several grains located in
the sample, the 11.5 um grain sized sample was applied,
as shown in Fig. 5. The comparison of distribution of
grain size and orientation are shown in Fig. 6 and Fig. 7.
It can be seen that the grain size distribution with a large
number of grains is smooth and like normal distribution,
the grain size distribution with several grains is
fluctuated severely. The grain orientation and distribution
also give a similar tendency when there are several
grains located in the sample. With the increasing of grain
size or decreasing of sample size, the effect of
distributions of grain size and orientation becomes
stronger, and the scatter of forming force increases.
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Fig. 5 Grain size distribution: (a) Whole picture; (b) Enlarged picturel; (c) Enlarged picture 2; (¢) Enlarged picture 3
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Fig. 6 Grain size distribution
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Fig. 7 Taylor factor distribution

3.2 Influence of grain size on plastic flow

The topography exhibiting in the specimen surface
is shown in Fig. 8. With the increasing of grain size, the
scraggly topography exhibiting in the specimen surface
tends to be more distinct, which results from
inhomogeneous deformation of surface grains. Grains in
surface layer are less restricted because for one or two
free boundaries during deformation, rotation is easier
than slipping. As for samples with grain size of 11.5 pum,
large height reduction does not cause scraggly
topography, as shown in Fig. 9. This implies that the

Fig. 8 SEM images of micro deformed specimens with
different grain sizes: (a) 11.5 pm; (b) 30 pm; (c) 121 pm

scraggly topography on the sample surface will not
appear at whatever strain when grain size is comparable
small to the sample size (e.g. D/d=97), and the scraggly
topography appears on the sample surface when the ratio
of sample size to grain size is comparable small (e.g.
D/d=8) at a proper strain. To analyze the inhomogeneous
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deformation in details, the microstructure and grain
orientation distribution maps of deformed samples are
obtained as shown in Fig. 10.

Fig. 9 Surface topographies of samples at different height
reduction: (a) 50%; (b) 80%

Fig. 10 Microstructures of deformed part (=121 pm)

Inhomogeneous deformation is related with the
orientation, distribution of grains located in the plastic
deformation field for metal forming. For polycrystalline
metal forming, grains mainly underg two deformations:
rotation and slipping. The grain boundaries, through
rotation and gliding, play a very important role in
harmonizing intergranular deformation, but less

deformation occurs in the grain boundaries. So, rotation
dominates the deformation and results in some changes
of micro topography on the surface. With the
miniaturization of specimens or increase of grain size in
micro forming, intergranular inhomogeneous
deformation increases compared to specimens with a
larger number of grains in macro metal forming.

4 Conclusions

Micro radial upsetting of copper was carried out at
room temperature. With the increase of grain size, size
effects appeared, such as decreasing of forming force,
increasing of scatter of forming force and also more
heterogeneous deformation in the specimen surface.
Then, a modified surface model based on surface layer
model and considering Hall-Petch relationship and
dislocations pile-up in surface layer grains was proposed
to interpret the decreasing of forming force successfully.
Also, an analytical model of explaining the forming force
scattering based on the Hall-Petch relationship and
standard deviation formulation was introduced. They are
good agreement with the experimental results. Surface
layer grains prefer rotation to slipping because of less
restriction than internal layer grains. So, a scraggly
topography on the surface occurs. This research also
indicates that it is necessary to consider the properties of
every single grain. The reason is that every single grain
plays an important role in deformation behavior of
specimen with the increase of grain size or the decrease
of specimen dimensions in micro forming.
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