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Abstract: With the miniaturization of parts, size effects occur in the micro-forming processes. To investigate the effects of the 
specimen size on the flow stress, a series of upsetting deformation experiments were carried out at room temperature for specimens 
with different diameters. And the grain size of billets was changed by anneal processes to analyze the grain size effects on the size 
dependence of flow stress. The deviation of stress was observed. The results show that the flow stress decreases with decreasing 
billet dimensions. As the dislocation accumulation in free surface layer is slight, the reduction degree of flow stress becomes larger 
when the plastic deformation goes on. The flow stress is enlarged by grain size, which can be analyzed by the grain boundary length 
per area. The deviation increases with decreasing specimen size. This can be explained by the effects of grain orientation stochastic 
distribution according to the Schmid law. As a result, the micro-forming process must be considered from the viewpoint of 
polycrystalline structure, and the single grains of micro-billet dominate the deformation. 
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1 Introduction 
 

Micro-forming is very suitable for the mass 
production of micro-parts for micro electro mechanical 
systems(MEMS). With the miniaturization of parts, size 
effects occur because the microstructure of the billets 
keeps constant[1−3]. GEIGER et al[4] investigated the 
size effects of flow stress with upsetting deformation 
tests, as did DONG and MA[5] with bending tests. The 
results of their tests show that the flow stress decreases 
with decreasing billet dimensions. To explain the results, 
MESSNER et al[6] and ENGEL et al[7] presented a 
surface layer model by dividing the billet into surface 
grain layer and interior volume. Based on the 
investigations of size effects with the tensile and hydraulic 
bulging tests, PICARP and MICHEL[8] developed a new 
model for thin sheet metal forming considering the scaling 
factor. SASAWAT and MUAMMER[9] investigated the 
size effects on the material behavior of thin sheet metals 
using hydraulic bulge testing at micro/meso scale. Two 
parameters, the ratio of sheet thickness to grain size(N) 
and the ratio of bulge die diameter to sheet thickness(M), 
were used to characterize the interactive effect between 

the specimen, grain size, effects of the feature size and 
respectively. New models were developed to explain the 
material flow stress by using N and M. When the 
dimension of components reduces to the same order of the 
magnitude as grain size, individual grains dominate the 
properties of billets. RAULEA et al[10] demonstrated a 
decrease of the yield strength during decreasing number 
of grains up to one grain over the thickness, and an 
increase with increasing grain size when the size is larger 
than the specimen thickness. The polycrystalline 
structure must be considered during the analyzing of 
micro-forming processes. The influence of the grain size 
and orientation was studied by TIESLER et al[11] with 
micro combined extrusion. Their results show that the 
miniaturization has an effect on the dimension accuracy 
and mechanical properties distribution of the formed 
micro-parts. 

In the work, the size dependence of flow stress was 
investigated at room temperature, and the plastic strain 
effect on the size dependence of flow stress was analyzed 
considering the difference of strain-harden in different 
grains. The deviation of flow stress and non- 
homogeneous deformation were studied. 
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2 Experimental 
 

Commercially pure aluminum blank was selected as 
experimental material, and it was machined to d 1.0 
mm× 1.5 mm, d 2.0 mm×3.0 mm and d 3.0 mm×4.5 
mm with a fine wire electrical discharge machine. The 
billets were annealed at 300, 400, 500 and 600  for 1 h, ℃

and the achieved grain size(L) of the billets were 16, 37, 
57 and 98 µm, respectively. The upsetting deformation 
tests were performed at room temperature with an 
apparatus developed by our group[12]. 
 
3 Results and analysis 
 
3.1 Effect of specimen size 

The tests were carried out at strain rate of 2×10−3 

s−1, and the selected grain sizes of billets were 37 and 57 
µm, respectively. In order to get reliable results, the tests 
were repeated three times under the same deformation 
condition. The obtained curves of strain—stress are 
shown in Fig.1. It can be seen that the flow stress 
decreases with decreasing billet diameters. The size 
effects of flow stress occur obviously. 

The micro-forming process is different from the 
 

 
Fig.1 Curves of strain—flow stress of specimens with various 
grain sizes: (a) L=37 µm; (b) L=57 µm 

traditional plastic deformation for the existence of size 
dependence of flow stress, and the traditional theories 
cannot be used directly by applying the similarity 
theorem. It is necessary to present a new model by 
considering the free surface effect. With the 
miniaturization of billets, the material is neither 
homogeneous nor isotopic and should be considered 
from the viewpoint of polycrystalline structure. Since the 
effects of free surface effects exist, the dislocation 
segments near the free boundaries tend to move towards 
the boundary and annihilate. The electron microscopy 
observations indicate that the dislocations are mainly 
near the grain boundaries, while only few dislocations 
distribute inside the free surface grains. However, the 
dislocations evenly distribute inside the grains in the 
interior region of the specimen[13−14]. From the 
viewpoint of dislocation accumulation strengthening, the 
lower dislocation density leads that the flow stress of 
grains in the free surface layer is lower than that of the 
interior grains. The thickness of free surface layer is 
selected as the grain size, and then the volume fraction of 
the free surface layer is obtained as listed in Table 1. 
With the miniaturization of billets, the volume ratio of 
grains in the free surface layer to interior grains becomes 
large, which results in the reduction of flow stress with 
decreasing billet dimensions. 
 
Table 1 Volume fraction of free surface layer with different 
diameters 

Volume fraction/% 
Grain size/µm

d 3.0 mm d 2.0 mm d 1.0 mm 

37 4.9 7.3 14.3 

57 7.5 11.1 21.5 

 
3.2 Effect of strain on size dependence of flow stress 

To evaluate the degree of size dependence of flow 
stress, the reduction of the flow stress is selected as the 
evaluation parameter which is calculated by   

121 ,2 dddd σσσ −=                            (1) 
  
where 1 ,2 ddσ  is reduction of flow stress, MPa; 2dσ  
is flow stress of the specimen d2 in diameters, MPa; 

1dσ  is flow stress of the specimen d1 in diameters, 
MPa; d2 and d1 are diameters of the specimens. 

The reduction of the flow stress is calculated using 
the middle value of several experimental results at 
various strains, and the results are shown in Fig.2. The 
results show that the reduction of the flow stress 
increases with increasing deformation degree. And the 
size dependence is enlarged by the grain size of 
specimens. 

The effect of strain on the size dependence of flow 
stress can be explained from the viewpoint of strain- 
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Fig.2 Curves of deviation of flow stress vs various strains at 
different grain sizes 
 
hardening. The Hall-Petch equation is a widely accepted 
empirical theory relating to the yield stress, which is 
extended by Armstrong to include the flow stress region. 
In Eq.(2), the first term is the stress required to move the 
individual dislocations in micro-yield slip band pileups 
confined to isolated grains, whereas the second term is 
the stress needed to propagate the general yielding across 
the polycrystalline grain boundaries.  

d
k )()()( 0s
εεσεσ +=                          (2) 

 
where )(s εσ  is the flow stress at strain ε, MPa; 

)(0 εσ  is the initial yield stress at strain ε, MPa; k(ε) 
is Hall-Petch constant at strain ε, MPa·mm1/2; d is 
grain size, mm. 

For the polycrystalline material, the internal grain 
boundary length per area (GB/Area) decreases when the 
dimension of the specimen decreases, and eventually 
becomes zero for a single crystal. ARMSTRONG[15] 
and KIM[16] revealed that the internal grain boundary 
length per area can be increased with Eq.(3) from Fig.3.  
 
LG=2n(n−1)/n2                                (3) 
 
where LG is deviation grain boundary length per area. 

Hence, for a given grain size, the effects induced by 
 

 
Fig.3 Illustration of reduction of internal grain boundary length 
per area with miniaturization[16] 

the grain boundaries become slight when the specimen 
size decreases. The reduction of the flow stress increases 
with increasing strain. 

With increasing grain size, the ratio of the grains on 
the free surface layer becomes large, and the internal 
grain boundary length per area decreases at the same 
time. As a result, the reduction of flow stress increases 
with increasing grain size (see Fig.4). This means that 
the size dependence of flow stress is enlarged by the 
grain size of specimens. 
 

 

Fig.4 Effect of grain size on size dependence of flow stress at 
different strains 
 
3.3 Deviation of flow stress 

As dimensions of specimens scale decrease, the 
deviation of flow stress appears obviously, and increases 
with decreasing specimen size. Fig.5 shows the deviation 
of flow stress of specimens with different strains. Since 
the specimen dimension reaches the magnitude of grain 
size, the specimen cannot be treated as a homogeneous 
and continuous body, and the anisotropy of grains must 
be considered. 
 

 

Fig.5 Deviation of flow stress with strain for various specimens 
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From the theory of single crystal plasticity, the 
deformation follows the Schmid law as   

,1
coscos

1
cc ττ

λφ
σ

m
==  0＜m≤

2
1              (4) 

 
where σ is yield stress, τc is the critical resolved shear 
stress and m is the Schmid factor. τc is related to the 
material inherent character, and it is a constant for the 
same material. The orientation factor m depends on the 
angle between direction of the external force and the slip 
direction. Then the flow stress of a single grain in 
polycrystalline material is mainly decided by the grain 
orientation. With the miniaturization of specimen, the 
single grains dominate the deformation of specimen. It is 
well known that the distribution of the grain orientation 
is stochastic. The deformation difference of single grains 
in polycrystalline material becomes more obvious with 
decreasing specimen dimensions, which leads to the 
deviation of flow stress. 

The deformation difference of single grains appears 
on the surface of deformed billets. Fig.6 shows the 
contour lines of deformed specimen surface measured  
 

 

Fig.6 Contour lines of deformed specimen surface at different 
grain sizes: (a) L=16 µm; (b) L=57 µm 

with confocal laser scanning microscope (LEXT 3D 
OLS3000). According to Eq.(4), the orientation with big 
Schmid factor means that the yield stress is small, which 
is called soft orientation. And the orientation with small 
Schmid factor is called hard orientation. The grains with 
soft orientation are easy to deform, and the deformation 
degree is larger than that of grains with hard orientation. 
The deformation difference leads to the accidented 
topography. With the increase of grain size, the 
deformation difference tends to become more obvious. 
 
4 Conclusions 
 

1) The flow stress decreases with decreasing the 
specimen size, which can be explain by the ratio of the 
free surface layer for different specimen size. 

2) Slight dislocation accumulation in the free 
surface layer leads that the reduction degree of flow 
stress increases with increasing plastic strain. And the 
size dependence is enlarged by the grain size of 
specimens because the grain boundary length per area 
decreases with decreasing specimen dimension. 

3) Since grain orientation distribution is stochastic 
according to the Schmid law, the miniaturization of the 
specimen results in the deviation of the flow stress when 
the single grains dominate the deformation in micro- 
forming. 
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