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Finite Element Analysis for Micro-Forming Process Considering
the Size Effect of Materials
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Abstract

_In this work, we have employed the strain gradient plasticity theory to investigate the effect of material size on the
deformation behavior in metal forming process. Flow stress is expressed in terms of strain, strain gradient (spatial
derivative of strain) and intrinsic material length. The least square method coupled with strain gradient plasticity was used
to calculate the components of strain gradient at each element of material. For demonstrating the size effect, the proposed
approach has been applied to plane compression process and micro rolling process. Results show when the characteristic
length of the material comes to the intrinsic material length, the effect of strain gradient is noteworthy. For the micro-
cqmpreésidn, the additional work hardening at higher strain gradient regions results in uniform distribution of strain. In
“the case of ﬁlicro-rolling, the strain gradient is remarkable at the exit section where the actual reduction of the rolling
finishes and subsequently strong work hardening take places at the section. This results in a considerable increase in
rolling force. Rolling force with the strain gradient plasticity considered in analysis increases by 20% compared to that

with conventional plasticity theory.

Key Words : Strain Gradient Plasticity Theory, Size Effect, Metal Forming, Intrinsic Material Length, Finite Element
Method, Least Square Method
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Table 1 Material constants and intrinsic material
Iength for polycrystalline copper[9]

Material constants Symbols Values

Coeff. of Taylor dislocation a 03
Shear modulus il 42(GPa)
CoefT. stress of yield function” Gref 688(MPa)
Magnitude of Burgers vector b 0.255(nm)
Intrinsic material length X 1.54(pm)

*Yield function for polycrystalline copper was 6882°"
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Fig. 1 Schematic diagram of an element cluster and
least square function of strain components
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Construct the finite element mesh
for initial shape of workpiece

—y

Calculate element flow stress
based on equivalent strain and
strain gradient

v

Finite element simulation
at current time step k

Next
time step *

k=k+1 Update mesh system and
equivalent strain

v

Determine element cluster for
each element

v

Perform the least square method
and calculate element strain
gradient

v

Fig. 2 Flow chart conducting finite element analysis

coupled with strain gradient plasticity
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Table 2 Specimen size and deformation conditions

Process conditions Case 1 Case 2
Initial height (pm) 1.54 15.4
Initial width (um) 0.77 7.7
Reduction ratio (%) 30.0 30.0
Die velocity (um/sec) 0.1 0.1
Distributed force (UN/um’) 10.0 10.0

Equiv.
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Fig. 3 Distribution of effective strain for two cases
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Fig. 4 Reciprocal flow stress curve at each effective

strain gradient for the CASE 1
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Fig. 5 Finite element meshes at each deformation
stage during plane strain micro rolling
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Table 3 Material size and deformation conditions

Process conditions Case 1 Case 2
Initial thickness (pm) 1.25 12.5
Reduction ratio (%) 20.0 20.0
Roll velocity (um/sec) 5.0 5.0
Roll radius (um) 63.3 633.0
Friction coefficient 0.08 0.08

Conventional

Stre:il_n t - plasticit]};
gradien R approac
plasticity -
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Flow
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direction
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Fig. 6 Distribution of flow stress for two cases. (a) and
(b) correspond to Case 1 and (c¢) and (d) to
Case 2. Note that strain gradient plasticity
approach is applied to (a) and (c). Meanwhile
conventional approach is applied to (b) and (d)
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