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a b s t r a c t

In our prior study, a progressive forming system to fabricate meso-scaled bulk cylindrical and flanged
parts by using sheet metals has been developed. In this forming system, the cylindrical part is formed 
via blanking, while the flanged part is formed via the progressiv e punching, extrusion and blanking. In 
forming of the flanged part, the preform is attached to the metal strip and positioned based on the geom- 
etry of preform. The formed part is finally trimmed out by shearing in the last operation. In such a way,
the transporting, positioning and ejecting of preform/part are facilitated. In this pap er, the research is 
aimed at further studying the feasibility of formi ng mic roscaled parts by using the previously developed 
forming system and examining it s charact eristics based on the material flow behavior, microstructure 
evolutio n, the quality and property of the final formed parts. It is revealed that the length of blanked cyl- 
inder decreases with the increase of grain size. When the grain size is large compared to the workpiece 
thickn ess, an inclined fracture surface is formed on the blanked cylinder and the rollover surface on the 
flanged part becomes rough. A rough fracture surface with microvoids is formed after shearing operation.
The number of microvoids on the fracture surface decreases with the increase of grain size. The developed 
proce ss is proved to be promising and efficient for mass production of bulk microparts directly using 
sheet metal.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction 

With product miniaturization, the demand on quality and quan- 
tity of microparts is increasing significantly. The mass production 
of quality metallic microparts at low cost and high productivity 
is still a challengi ng and non-trivial issue. Microforming process,
which fabricates the parts with the desirable geometries via plastic 
deformation , offers attractive characterist ics of low production 
cost and high productivi ty. Many microformin g processes, such 
as coining, heading, upsetting, bending, deep drawing, extrusion,
embossing and blanking, have been extensively explored. It is 
found that the well-establi shed knowledge of the conventi onal 
metal forming processes [1] is not applicable in microforming pro- 
cesses. The design of microform ing processes is generally con- 
ducted via trial-and-error approach based on the scaling down 
and modifying the conventi onal macroforming systems. Such a de- 
sign and developmen t paradigm is time-consuming and costly, and 
the product quality is not assured. Therefore, the researches on the 
developmen t of scaled down forming processes, the size effect on 
material deformat ion behavior, and the performanc e of micro- 
forming processes are thus needed for developmen t of microparts.

In the last two decades, the research on microformin g has been 
focused on the change of flow stress, fracture behavior, flow behav- 

ior, elastic recovery and surface finish with the decrease of forming 
material size. The change of flow stress not only affects the defor- 
mation load, but also the material flow, as revealed in the double 
cup extrusion [2,3]. It has been shown numerically and experime n- 
tally that the amounts of upward and downward material flow
change with flow stress. In addition, it is found that the flow stress 
decrease s with the specimen size [4,5], which is attributed to the 
increase of surface grain fraction [6,7] and the decrease of grain 
boundary fraction [6]. The surface grains have less constrain t and 
lower flow stress. The decrease of specimen size leads to the in- 
crease of surface grain fraction. Furthermore, the flow stress of 
material is also related to grain boundary strengthening behavior.
Grain boundary acts as a strong obstacle to stop dislocatio n move- 
ment. Grain boundary fraction could decrease with the ratio of 
specimen size to grain size, leading to the decrease of flow stress.
The size effect on the fracture behavior has been investiga ted via 
tensile [7] and upsetting [8] tests with different specimen and 
grain sizes. Understandi ng the mechanism of fracture behavior in 
microform ing process is critical to avoid the thinning, fracture 
and cracking defects of the microformed parts. It is revealed that 
the amount of deformation up to fracture decrease s with the thick- 
ness of sheet metal. It is due to the fact that non-uniform deforma- 
tion takes place along the gauge length of specimen when the 
specimen size is decreased. Significantly large deformat ion is local- 
ized at the section with large fraction of grains which are favorable 
to deform in tensile direction. It further results in the small frac- 
ture strain.
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Single grain deforms via slipping. For a given stress direction,
there is a preferred slip plane and direction. This deformat ion 
mechanism makes the mechanical propertie s of grain anisotropic.
When the material size is in macrosca le, it is compose d of a large 
number of grains. Different grains with different sizes, orientations 
and forms can be evenly distribut ed in the material. This leads to 
the isotropic properties of macro-scaled materials. However, the 
forming material could have only a few grains in microforming pro- 
cesses and the properties of individual grain could be dominan t in 
the overall deformation behavior. It could further lead to the inho- 
mogeneous deformat ion and irregular shape of the formed part [9].

The springback caused by the elastic recovery of the forming 
material affects the dimensio nal accuracy of the formed parts. In 
bending test with different foil thicknesses and grain sizes, it is 
found that the amount of springback increases with the decreasing 
ratio of specimen size to grain size [10]. In addition, the surface 
roughness of the forming material keeps changing throughout 
the deformation process. It is found that the size of surface asperity 
relative to the part size generally increases with the increase of 
grain size and the decrease of formed part size. This phenomeno n
could be explained by the incompatibil ity of deformation among 
grains with different properties [11], such that the free surface 
grains move normal to the surface. This eventual ly leads to the 
occurrence of surface roughening .

Based on the above brief review of the researches on size effects 
and the deformation behaviors , it is found that less effort has been 
made in development of microformin g process for mass production 
of microparts, in which formed part quality and productivity are 
two of critical concerns. In microformin g, the adhesive forces on 
microprefor m or part surface make it prone to stick on the forming 
or handling tool. This results in the difficulty in handling and trans- 
porting. The prior studies [12,13] on microforwa rd extrusion have 
shown that the extrudate is distorted , as shown in Fig. 1a. In addi- 
tion, the high tooling-wor kpiece interfacial friction in the process 
results in the difficulty in part ejection [14]. The formed part could 
be damaged by ejection force, as shown in Fig. 1b. To overcome the 
difficulty in part ejection, separating the extrusion die into two 
halves was proposed by Krishnan et al. [13]. The authors also con- 
ducted the similar experime nts. However, such design leads to the 
formation of flash at the parting line, as shown in Fig. 1c. It also in- 
creases tooling cost and affects productivity .

Bulk micropar t is usually formed from bulk microbillet, which is 
usually fabricated by costly micromachi ning process. Two alterna- 
tive approach es have been proposed to substitute the microma- 
chining process. The first one is to cut microbillet from metal 
wire by simple shearing [15], while the second approach is to form 
the micropart directly using sheet metal [16]. However, it is diffi-
cult to control the quality of the fracture surfaces in the first ap- 
proach. In addition, the stress in micropunch could be unevenly 
distributed when the billet with the inclined fracture surface is 
used in the subsequent extrusion process, resulting in early failure 
of tooling. The second approach seems to be more promising as it 
facilitates the material handling, transportati on and ejection in 
forming of meso-scal ed parts in our prior study [17]. In this re- 
search, the objective is to further study the feasibility of the pro- 
cess to fabricate the micropar ts and identify its characterist ics 
via scaling down the formed part size and using materials with dif- 
ferent microstru ctures.

2. Experimental details 

2.1. Testing material preparation 

Copper is widely used for manufactur ing microparts due to its 
excellent formabili ty and conductivity . Pure copper is thus selected 

as the testing material in this research. The copper sheets with the 
thicknesses of 1.5 and 0.8 mm are used in two size-scaled forming 
systems, respectivel y. To obtain different grain sizes, the copper 
sheets are annealed using different temperature s and holding 
times, viz., 500 �C for 2 h, 600 �C for 2 h and 750 �C for 3 h. The 
samples are then cooled down to room temperature gradually in 
the furnace. The entire heat treatment process is conducte d in an 
argon gas-filled chamber to avoid oxidation. The obtained micro- 
structure s of the testing materials are shown in Fig. 2. To obtain 
the flow stress curves, the dog bone shaped specimens are used 
in tensile test which complies with the standard ASTM: E8/E8M.
An extensometer with the gauge length of 25 mm is used to mea- 
sure the elongation of the testing specimens . The tensile test is 
conducte d using a slow crosshead speed of 1 mm/min and the 
specimens are deformed until fracture.

2.2. Fabricatio n of bulk microparts 

Two size-scale d forming systems are developed to examine the 
part size effect in this study. Three microform ing operations are 
conducte d and the schematic illustration of tooling structure and 
the corresponding dimensions in the two size-scaled cases are 
shown in Fig. 3. They are realized using different punches, blank 
holders and die inserts on the same tooling platform. In the first
forming operation, the workpiece is subject to shear deformat ion,
and then a hole is pierced and a cylinder is blanked out. In the sec- 
ond operation, the workpiece is positioned based on the guide hole 
pierced in the first operation. The material is pushed to flow to- 
wards die cavity. In the last operation, the flanged part is blanked 
out via shearing. The experime nt is conducted in a MTS testing 
machine. To minimize the friction effect in the forming process,

(a) Distorted extrudate [12] 

(b) Damage in part ejection [14] 

(c) The formed flash on the extruded part  

Fig. 1. The quality issue in the microextruded parts.
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