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Abstract: A non-local dislocation density based crystal plasticity model, which takes account of the microstructure inhomogeneity, 
was used to investigate the micro-bending of metallic crystalline foils. In this model, both statistically stored dislocations (SSDs) and 
geometrically necessary dislocations (GNDs) are taken as the internal state variables. The strain gradient hardening in micro-bending 
of single-grained metal foils was predicted by evolution of GNDs. The predicted results were compared with the micro-hardness 
distribution of the previous micro-bending experiments of CuZn37 α-brass foils with coarse grains and fine grains. Comparison of 
the simulated dislocation densities distribution of SSDs and GNDs with the experimental results shows that different micro-hardness 
distribution patterns of the coarse and fine grain foils can be attributed to the corresponding SSDs and GNDs distributions. The 
present model provides a physical insight into the deformation mechanism and dislocation densities evolution of the micro-bending 
process. 
Key words: crystal plasticity; micro-bending; statistically stored dislocations; geometrically necessary dislocations 
                                                                                                             
 
 
1 Introduction 
 

With the rapid development of microsystems (MST) 
and microelectromechanical systems (MEMS), 
microparts are widely used in diverse fields, especially in 
micro electronic technology, sensor technology and 
medical equipment. The significant progress has been 
made in the fabrication of microparts via various 
methods [1,2]. Microforming, which is metal forming at 
the microscale, is a promising technology to manufacture 
these small metallic parts of MST/MEMS, in particular 
for mass production, for its well-known advantages of 
high production rate, efficient material utilization, and 
low costs [2−6]. For example, micro-bending can be 
serve as a prospective manufacturing method for the 
miniaturized components such as contact springs and 
micro-connectors [7]. There has been increasing interest 
in the investigation on the plastic behaviors, mechanical 
properties and formability at micro and nanoscale to 
design, fabricate and enhance the reliability of 
MST/MEMS structures [8−14]. 

Because the material microstructure lengths, such as 
grain size and Burgers vector, do not decrease with the 
decrease of the specimen sizes, metallic materials exhibit 
strongly size dependent mechanical behavior. A typical 
size effect in microscale deformation is the strain 
gradient strengthening effect resulting from the 
macroscale inhomogeneous deformation, which is 
observed in the micro-bending experiments [15], 
nano/micro-indentation experiments [16], and torsion 
experiments [17]. The conventional material models and 
knowhow in macroscale are no longer valid or accurate 
in micro-forming due to size effects [6,18]. During the 
last two decades, there have been significant efforts to 
develop new plasticity theories to describe these strain 
gradient effects. Two representative classes of the 
plasticity theories are: 1) the phenomenological strain 
gradient plasticity theory proposed by FLECK and 
HUTCHINSON [19]; 2) the mechanism-based strain 
gradient (MSG) plasticity theory developed by GAO et 
al [20]. These strain gradient theories inspire lots of 
material models for the investigation on the 
micro-bending. LI et al [21,22] modified Nix-Gao model  
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to investigate the effect of strain gradient on the 
springback behavior in micro-bending process. 

However, due to the phenomenological nature, the 
strain gradient plasticity theories fail to describe size 
effects related to the microstructural inhomogeneity, such 
as the influence of grain orientation, grain size and grain 
boundaries (GBs). In micro-forming, there are fewer 
grains in the deformation area. Therefore, individual 
grains dominate the deformation and inhomogeneous 
deformation becomes more significant, which result in 
the grain statistics dependent size effects [23]. The 
micro-bending of metallic polycrystalline depends on the 
associative effects of strain gradient, grain size, grain 
orientation and GBs [13]. Non-local physical and 
micromechanical concepts are required to obtain an 
appropriate prediction of the mechanical behavior of 
micro-bending. 

Crystal plasticity theory, based on the slip systems 
level of individual grains, provides a suitable multiscale 
frame for the investigation of the inhomogeneous 
deformation of micro-forming. Since the pioneering 
work of ASARO and RICE [24], the methods of crystal 
plasticity work well for solving problems of metal 
forming, such as inhomogeneous plastic deformation, 
FLC prediction and texture evolution [25−27]. The 
traditional crystal plasticity models are competent for 
describing the influence of grain orientation and 
individual grains, however, more physical mechanisms 
are needed to be taken into account, for the studying of 
the above size effects. 

In this work, a non-local dislocation density based 
crystal plasticity model, introducing the evolution of 
SSDs and GNDs, is developed with the aim to 
investigate the deformation characteristics of micro- 
bending. The model is implemented into the commercial 
finite element software ABAQUS/Explicit by writing the 
user subroutine VUMAT. It is adopted to investigate the 
recently reported micro-bending experimental results of 
PARASIZ et al [28] and LI et al [29]. It is found that the 
micro-hardness distribution of the coarse grained foils 
deviates from that of the fine grained foils, and the 
present non-local model makes attempt to show the 
insights of the physical mechanism of such phenomena. 
 
2 Theory 
 
2.1 Finite deformation crystal plasticity model 

In the present work, the kinematics of crystal 
plasticity model is established in the hyperelastic frame. 
The multiplicative decomposition of the total 
deformation gradient F can be expressed as [27] 
 

e pF F F=                                   (1)  

where Fe is the elastic distortion and rigid body rotations 
of lattice; Fp is the plastic contribution arising solely 
from the dislocation motion in the intermediate 
configuration. The multiplicative decomposition of 
deformation gradient leads to the additive decomposition 
of the velocity gradient as 
 

p1 e e e 1
0L FF L F L F− −= = +&  with p p p 1

0L F F −= &    (2) 
 

The plastic part of the velocity gradient due to 
crystallographic slip is expressed as 
 

p
0 0L Sα α

α γ= ∑ &  with 0 0 0
α α αS m n= ⊗             (3) 

 
where αγ&  is the slip rate of α slip system; 0

αm , 

0
αn and 0

αS  are the vectors represent the slip direction, 
the normal direction and the Schmid resolved tensor of α 
slip system, defined in the intermediate configuration, 
respectively. 

The second Piola-Kirchhoff stress T is related to the 
elastic Green strain tensor Ee as 
 

e:T C E=  with e eT e( ) / 2E F F I= −            (4) 
 
where C is the fourth order anisotropic elastic tensor. For 
the cubic crystals, it can be specified in terms of three 
independent elastic constants C11, C12 and C44 in the local 
coordinate systems. The Cauchy stress tensor σ in the 
current configuration is related to T as 
 

1 e eTdet( )F F TF−=σ                         (5) 
 

The resolved shear stress ατ can be expressed as 
 

eT e
0 : ( )α ατ S F F T= ⋅                          (6) 

 
where ατ  is the driving force that prompts the massive 
dislocation lines to glide on the specific slip plane, i.e., 
serves as the bridge between crystal plasticity and 
dislocation densities. Details in the derivation of the 
present crystal plasticity model adopted in this work can 
be found in Ref. [27]. 
 
2.2 Dislocation density based material model 
2.2.1 Flow equation and hardening equation 

It is assumed that plastic deformation is mainly due 
to the glide of dislocations, and the movement of 
dislocations is impeded by both short-range and 
long-range barriers. The short-range barriers can be 
overcome by the help of thermal activation; however, the 
long-range barriers are athermal, which can only be 
surmounted by the assist of externally applied force. 
Based on the thermally activated mechanisms of 
dislocation motion, the relationship between plastic slip 
rate and dislocation density can be defined by the 
Orowan equation combined with the Arrhenius-type law 
as [30,31] 
 



Hai-ming ZHANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3362−3371 

 

3364 

0
0

B 0

Δ
exp 1 sign( )

ˆ

qp
aG

k T

α α
α α

τ τ
γ γ τ

τ

⎧ ⎫⎛ ⎞−⎪ ⎪⎜ ⎟= − −⎨ ⎬⎜ ⎟
⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

& &    (7) 

 
where kB is the Boltzmann constant; T is the absolute 
temperature; ΔG0 is the activation energy necessary to 
overcome the lattice resistance in the absence of any 
external force; The parameters p and q determine the 
shape of the energy barriers, such as sinusoidal or 
hyperbolic [30]; ατ  is the resolved shear stress defined 
in Eq. (6); a

ατ  is the long-range resistance, which 
describes the work hardening, includes the elastic stress 
field due to GBs, far-field forest of dislocations, and 
other structural defects; 0τ̂  is the mechanical stress 
required to cross the barriers without any thermal 
activation. 

Considering the enhanced strengthening of GNDs, 
a
ατ  can be expressed by a Taylor-type relationship as 

follows 
 

Ta b A βα
αββτ μ ρ= ∑                          (8) 

 
SSD GNDT

β β βρ ρ ρ= +                             (9) 
 
where Aαβ is the interaction matrix, defining the mutual 
hardening of forest dislocations between each pair of slip 
systems. Based on the types of interactions and the 
symmetry of FCC crystals, FRANCIOSI [32] suggested 
that Aαβ is governed by six hardening coefficients, g0–g5. 
g0 describes the in-plane interaction of dislocations with 
the same Burgers vector; g1 describes the interaction of 
dislocations with different Burgers vectors but on the 
same gliding plane; g2–g5 describe the out-of-plane 
interactions and are related to four different types of 
junctions/locks. They are the Hirth junction, collinear 
lock, glissile junction, and Lomer junction, respectively. 
μ is the temperature dependent shear modulus, which can 
be described as 
 
μ=[C44(C11–C11)/2]–1/2                                      (10) 
 

In Eq. (9), T
βρ , SSD

βρ  and GND
βρ  are the densities 

of total dislocation, SSDs and GNDs, respectively. In this 
work, GNDs mainly obstruct the movement of 
dislocations, and then increase the slip resistance. 
2.2.2 Evolution of SSDs 

The evolution of SSDs is described as [33] 
 

SSD
SSD SSD

1d d 2 dc

M
y

bD bK

β
αββα α α α

ρ
ρ γ ρ γ

⎛ ⎞⋅⎜ ⎟= + −⎜ ⎟
⎜ ⎟
⎝ ⎠

∑
  (11) 

 
The first term represents the multiplication of 

dislocations, which is due to the grain boundary sources 
and the mutual trapping of stochastic distributed 
dislocations; the second term describes the dislocations 

mutual annihilation. Where D is the average grain size; 
Mαβ is the interaction matrix, defining the mean free path 
that the dislocations travel before being stored, and it is 
assumed that Mαβ is identical to Aαβ; yc is the critical 
annihilation distance. 
2.2.3 Evolution of GNDs 

The classical crystal plasticity cannot pick up size 
dependent behavior, and it can be extended to account 
for the size effects of microscale deformation by 
introducing geometrically necessary dislocations. GNDs 
maintain the lattice curvatures in the inhomogeneous 
plastic deformation. Based on the multiplicative 
decomposition of the deformation gradient, CERMELLI 
and GURTIN [34] derived, as a measure of GNDS, a 
tensor field G that may be described using the plastic 
field Fp through the relations [34,35]  

p p
GND 0 0
α α α

α
λ ρ= = ⊗∑G F F l s                (10) 

 
where λ is the material curl tensor field defined by 
(λT)IJ=eIRS∂TJS/∂XR (in material components), eIRS is the 
alternating symbol; 0

αl is the tangential direction of 
dislocations; 0

αs  is the slip direction. The material time 
derivative of tensor field G is derived as  

p pT ˆG L G GL G& = + +                          (13) 
 
where p p

mrs jm qs iq r
ˆ

ijG e F F L X= ⋅ ∂ ∂ . Using Eqs. (3) and 
(13), we obtain 
 

α
αG G& &= ∑                                 (14) 

 
0 0

ˆTα α α α α αγ γ= + +G S G G S G&                   (15) 
 

The scalar dislocation densities can be obtained by 
the projection of αG& as 
 

GNDs 0 0: bα α α αρ ⊗=G s s&&                        (16) 
 

GNDet 0 0: bα α α αρ ⊗=G s t&&                       (17) 
 

GNDen 0 0: bα α α αρ ⊗=G s n&&                       (18) 
 
where GNDs

αρ&  is screw dislocation component; GNDet
αρ&  

is edge dislocation component with the tangential 
direction perpendicular to both the slip direction and 
normal of α slip system; GNDen

αρ&  is edge dislocation 
component with the tangential direction parallel to 
normal of α slip system. The total GNDs of α slip system 
is written as 
 

2 2 2 2
GND GNDs GNDet GNDen( ) =( ) ( ) ( )α α α αρ ρ ρ ρ+ +& & & &       (19) 

 
It is obvious that the material coordinate derivation 

of the slip rate αγ&  and plastic deformation gradient Fp 
are needed, in order to calculate GND

αρ& . Such high order 
gradient of displacement is troublesome in the current 
commercially FEA software [35]. Here, the mesh free 
method of moving least squares (MLS) is adopted to 
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calculate the high order gradient field of the Gauss points, 
that is 
 

j j/ [ (X) / ]I IT X X Tφ∂ ∂ = ∂ ∂                    (20) 
 
where I is the number of the adjacent Gauss points in the 
local domain of the current Gauss point, T is target 
variable; ΦI and T I are shape function derivation and 
target variable values of the adjacent Gauss points. The 
detail derivation can be found in Ref. [36] 

The above mesoscopic material model is 
implemented into ABAQUS/Explicit by the user 
subroutine VUMAT, the integration scheme refers to Ref. 
[27]. 
 
3 Experiment and numerical simulation 
 

In this work, the simulations of micro-bending of 
single crystalline foils with different thickness, as well as 
the simulations and experiments of polycrystalline 
micro-bending with different grains across the thickness, 
are presented. 
 
3.1 Experimental procedure 

Figure 1(a) shows CCD image of the micro-bending 
experimental setup. The foils’ thickness t=200 μm; the 
ratio of the punch and die radii to the thickness of foils is 
2.5t; the clearance between the die and punch is designed 
as 1.2t, which is slightly larger than the foil’s thickness 
in order to prevent the foil from being squeezed. The 
experimental material is CuZn37α-brass, the average 
grain sizes of coarse grain foil and fine grain foil are 128 
and 39 μm, respectively [29]. 
 
3.2 Finite element model for the simulation 

The finite element model for the simulations of 
micro-bending is shown in Fig. 1(b), which consists of a 
fixed rigid die and holder, a moveable rigid punch and 
the deformable blanks. The tools’ parameters are the 
same as the experiments; the velocity of punch is 0.1 
mm/s. The process is modeled as a plane strain problem. 

For the case of single crystal model, the blanks are 
assigned by three different thicknesses, i.e. 50, 100 and 
200 μm; and the blanks are divided by 100×25 C3D8R 
elements. All the elements are assigned by the ideal cube 
orientation, i.e., the Bunge Euler angles are φ1=0°, Ф=0°, 
φ2=0°. 

For the case of polycrystalline with coarse grains, 
there is only one grain across the thickness, eight grains 
along the length, and the foil is divided by 250×35 
C3D8R elements. For the case of polycrystalline with 
fine grains, there are six grains across the thickness, is 
grains along the length, and the foil is divided by 250×75 
C3D8R elements. The grain size is assumed to be 
identical in each case, and the grain orientations are 

randomly read from the texture sample file. The initial 
bending foils are shown in Fig. 2, and the corresponding 
{111} pole figures of the grain orientations are shown in 
Fig. 3. 
 

 
Fig. 1 Micro-bending model: (a) CCD images of experimental 
setup; (b) Simulation model 
 

 
Fig. 2 Geometry of micro-bending polycrystalline foils:     
(a) Coarse grain; (b) Fine grain 
 
3.3 Material parameters for present model 

Theoretically, the ideal physically based models 
should not contain fitted parameters. However, due to the 
less understanding of some aspects of plastic 
deformation mechanism, the present dislocation density 
based model still has some empirical or fitting 
parameters. The certain and empirical material constants 
are: b=0.256 nm, C11=205 GPa, C12=117 GPa, C44=44 
GPa, kB=1.38×10 J/K, T=300 K, ΔG0=0.2 μb3, p=0.5, 
q=1.5, 0γ& =1×108 s−1  [30],  g0=0.1,  g1=0.22,  g2=0.3, 
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Fig. 3 {111} Pole figure of initial foils: (a) Coarse grain;     
(b) Fine grain 
 
g3=0.38, g4=0.16, g5=0.45 [33]. The fitted parameters are 

0τ̂ =28 MPa, dislocation multiplication coefficient 
K=26/b m−1, and the critical dislocation annihilation 
distance yc=8b. The reference stress−strain curves used 
for identification the material parameters are taken out 
from Ref. [1], and the integration point consists of 200 
grains with random orientation. 

The stress−strain curves of experiment and 
simulation are shown in Fig. 4, where λ is the similar 
factor [1]. It can be found that the dislocation density  
 

 
Fig. 4 Stress−strain curves of experiment and simulation 

based crystal plasticity model with present material 
parameters shows good agreement with the experimental 
data. The prediction of the stress−strain response is not 
the concern of present work. The above fitting material 
parameters are adopted for the latter simulation of 
micro-bending. 
 
4 Results and discussion 
 
4.1 Micro-bending of single crystalline specimens 

In the micro-bending process, the strain gradient 
inherently exists due to the curvature of the bent 
specimen, and the plastic strain gradient directly 
corresponds to GNDs density. The accumulation of 
GNDs increases the slip resistance of the movement of 
dislocations, which results in the size effect of “smaller 
is stronger”. For the single crystal micro-bending, the 
specimen is absolutely homogeneous. The 
incompatibilities and the corresponding GNDs storage 
are induced only by the macroscopic strain gradient. 

Figure 5 shows the predicted normalized bending 
moment versus the relative displacement, where the 
normalized bending moment and relative displacement 
are represented as M/t2/w (w=0.025t is the width of 
specimens) and D/t, respectively. It can be found that the 
proposed model successfully describes the thickness 
dependence of the normalized bending moment. As the 
thickness equals 500 μm, the normalized bending 
moment approximates to that of classical local model. It 
is concluded that the strengthening effect of strain 
gradient can be ignored when the thickness of the bent 
specimen is larger than 500 μm. 

 

 
Fig. 5 Normalized bending moment–relative displacement 
relation of single crystalline micro-bending 

 
Figures 6−8 show the density distribution of SSDs, 

GNDs and the total dislocation (SSDs+GNDs), 
respectively, of the specimens with thickness of 200 and 
50 μm. According to Fig. 6, it can be found that      
the distribution of SSDs almost does not depend on the  
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Fig. 6 SSDs contours of bent foils with different thickness:   
(a) 200 μm; (b) 50 μm 
 

 
Fig. 7 GNDs contours of bent foils with different thickness:  
(a) 200 μm; (b) 50 μm 
 
thickness of specimens but mainly on the distribution of 
strain. In both specimens, a large amount of SSDs are 
stored in the surfaces, but sharply decrease towards the 
neutral plane. However, as shown in Fig. 7, the 
magnitude and distribution of GNDs are relatively 
sensitive to the thickness. Besides, the accumulation of 
GNDs in the neutral plane is slightly higher than that 
near surfaces, and this phenomenon is more evident for 
the thinner specimen. Figure 8 shows the density 
distributions of total dislocations, as the thickness 
decreases, more dislocations accumulate near the neutral 

 

 

Fig. 8 Total dislocation (SSDs+GNDs) contours of bent foils 
with different thickness: (a) 200 μm; (b) 50 μm 
 
plane, though the maximum dislocation density still 
appears near the surfaces. MOTZ et al [37] carried out 
the micro-bending tests of copper single crystal with 
thickness ranging from 1 to 8 μm, and pointed out that 
the dislocation should accumulate near the neutral plane 
of the specimen, which causes the size effect. Therefore, 
MOTZ et al’s interpretation of the size effect in 
micro-bending is basically the same as that obtained 
from the present simulation as discussed above. 
Furthermore, it is concluded that such accumulation of 
dislocation density towards the neutral plane is mainly 
due to GNDs. 
 
4.2 Micro-bending of polycrystalline specimens 

The mechanical behavior of polycrystalline micro- 
bending is substantially different from that of single 
crystal, because of the additional effects of the grains’ 
mis-orientation and GBs. Our previous micro-bending 
experiments of CuZn37 α-brass foils indicate that the 
micro-hardness distribution of coarse grain foil is very 
different from that of fine grain foil [29], as shown in Fig. 
9. From Fig. 9(a), the contour plot of the coarse grained 
specimens is scattered, which is anomalous to 
macroscale bending. From Fig. 9(b), it can be seen that 
the hardness contour plot of the fine grain foil has a 
smooth and consistent layered pattern through the 
thickness and along the length of the specimens, which is 
consistent with conventional bending. The hardness is 
the lowest at the neutral axis in the center of the 
specimen, and a broader soft inner layer appears. The 
similar phenomena can also be found in Ref. [28]. 



Hai-ming ZHANG, et al/Trans. Nonferrous Met. Soc. China 23(2013) 3362−3371 

 

3368 

 

 
Fig. 9 Martens hardness of CuZn37 foils after bending:      
(a) Coarse grain; (b) Fine grain [29] 

 
As the carrier of plastic deformation, dislocation 

density has direct correlation with plastic strain, as well 
as the work hardening. Figures 10(a) and (b) show SSDs 
distribution of coarse grain and fine grain foils. It can be 
found that the generation of SSDs in grains with different 
orientation is quite different from that of the coarse grain 
foil. However, for the fine grain foil, the most grains near 
two surfaces have relatively high SSDs. 

GNDs maintain the compatibility of deformation 
when there is nonhomogeneous plastic deformation. 
According to Figs. 11(a) and (b), it can be found that a 
significant number of GNDs are stored in the vicinity of 
GB, for both cases of coarse grain and fine grain. There 
is also some aggregation of GNDs in the interior of 
grains, nevertheless, the magnitude is relatively small. It 
is concluded that GNDs produced by microstructure 
inhomogeneity are more prominent than that produced 
by macro strain gradient for the metallic polycrystalline 
foil under micro-bending process. That is, the grain size 
and orientation have prior influence on the production of 
GNDs than strain gradient of pure bending. The larger 
the mis-orientation between grains is, the more the 

 

 

Fig. 10 Contour of SSDs: (a) Coarse grain; (b) Fine grain 
 

 
Fig. 11 Contour of GNDs: (a) Coarse grain; (b) Fine grain 
 
GNDs are produced; the smaller the grain size is, the 
more the volume fraction of GBs is, and the more the 
GNDs are produced. 

When a material undergoes plastic deformation, the 
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dislocation density increases, leading to strain hardening. 
The larger the plastic deformation is, the higher the 
hardness of the material is after deformation. There is an 
equivalence relation between the total dislocation density 
and material hardness to some extent [38]. Consequently, 
Fig. 12 shows the distribution of total dislocation density, 
i.e., SSDs plus GNDs. It could be compared with the 
experimental hardness distribution in Fig. 9. For the 
coarse grain case, the total dislocation density 
distribution is anomalous which is similar to the hardness 
distribution by experiments. The maximum dislocation 
density dispersedly appears in the areas labeled A, B and 
C which are the borders between GBs and surfaces of 
foil. The high density areas, i.e., A, B and C are similar to 
the areas in the experiment, as shown in Fig. 9(a) and Fig. 
12(a). For the fine grain case, an apparent lower density 
channel exists in the contour of total dislocation density 
distribution. This feature shows good agreement with the 
experiment of Fig. 9(b). 

In conclusion, for the coarse grain case, the 
influence of individual grain is more significant. 
Mis-orientation of grains or the combination of hard 
orientation grains with soft orientation grains hinders 
appearance of middle soft channel. GBs across the 
thickness direction produce aggregation of GNDs, and 
GNDs serve as the wall to segment the potential channel. 
It is concluded that grains’ mis-orientation and GNDs 
store at the vicinity of GBs lead to the appearance of 
narrow inner layer and even the disappearance of soft 
 

 
Fig. 12 Contour of sum of GNDs and SSDs: (a) Coarse grain; 
(b) Fine grain 

channel. For the fine grain foil, the effect of individual 
grain is unremarkable due to more grains across the 
thickness, and all the grains near the neutral layer have 
relative small plastic deformation, resulting in the 
broader middle layer and obvious middle soft channel. 
Anyway, GNDs enhance the material hardness in both 
cases. It is concluded that the extra high hardness area in 
Fig. 9(a) may be the location of GBs, which induces 
evident deformation inhomogeneity. 
 
5 Conclusions 
 

1) A non-local dislocation density based crystal 
plasticity model incorporated the GNDs dependent 
enhancing hardening is developed. The model views 
GNDs as the obstacles which hinder the movement of 
dislocation. The theory has the ability to capture the 
fundamental nature of the size dependent hardening 
behavior in the bent specimens. 

2) The micro-bending of single crystalline foils with 
thicknesses ranging from 50 to 500 μm shows the 
obvious “smaller is stronger” size effects. The simulation 
of the microstructural variables indicates that the 
accumulation of GNDs across the thickness dominates 
such size effects; however, SSDs almost has nothing to 
do with the thickness of specimens. Besides, it is 
concluded from the simulations that the strain gradient 
strengthening effects can be ignored when the thickness 
of specimens is larger than 500 μm. 

3) For the micro-bending of polycrystalline foils. 
The distribution of SSDs is mainly affected by grain 
orientation. Soft grain, which undergoes larger plastic 
deformation, has higher SSDs, and hard grain has lower 
SSDs. The distribution of GNDs is affected by grain size 
and grain orientation. For the coarse grain foil, i.e., only 
one or two grains across the thickness, GNDs not only 
enhance the hardness of material, but also impede the 
forming of middle soft channel or cut the potential soft 
channel. For fine grain foil, GNDs only strengthen the 
material hardness. 

4) The differences of hardness contours obtained 
from experimental results are the combination effect of 
grain size, grain orientation and load inhomogeneity 
(strain gradient). The deformation inhomogeneity 
resulting from the microstructure is more severe than that 
from load (strain gradient) during polycrystalline 
micro-bending. 
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基于非局部位错密度晶体塑性有限元模型的 
金属晶体薄膜微弯曲变形特点 

 
章海明 1，董湘怀 1，王 倩 1 ，李河宗 2 
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摘  要：采用考虑非均匀微观结构的非局部位错密度晶体塑性有限元模型，研究金属晶体薄膜材料微弯曲塑性变

形的特点。该模型采用统计存储位错密度和几何必需位错密度作为其内部状态变量，通过几何必须位错密度的演

化来预测单晶体金属薄膜材料微弯曲中的应变梯度效应。采用不同晶粒大小的 CuZn37 α-黄铜多晶体薄膜进行微

弯曲实验，并测量试样微弯曲变形后的微硬度分布图。将模拟得到的位错密度分布与实验测得的微硬度分布进行

对比，发现粗晶试样和细晶试样微硬度分布的不同主要是由统计存储位错密度和几何必须位错密度引起的。基于

微观物理机理，研究微弯曲变形的特点和位错密度的演化。 

关键词：晶体塑性；微弯曲；统计存储位错；几何必需位错 

 (Edited by Chao WANG) 

 
 


