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Abstract: To describe the relationship between the whole material deformation behavior and each grain deformation behavior in 

micro-forming, experimental and numerical modelling methods were employed. Tensile test results reveal that contrary to the value 

of flow stress, the scatter of flow stress decreases with the increase of thickness-to-grain diameter (T/d) ratio. Microhardness 

evaluation results show that each grain owns unique deformation behavior and randomly distributes in each specimen. The specimen 

with less number of grains would be more likely to form an easy deformation zone and produce the concentration of plastic 

deformation. Based on the experiment results, a size-dependent model considering the effects of grain size, geometry size, and the 

deformation behavior of each grain was developed. And the effectiveness and practicability of the size-dependent model were 

verified by experimental results. 
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1 Introduction 
 

The inevitable trend of product miniaturization in 

many industries such as biological medicine, 

communication, aerospace, and military makes it 

necessary to develop efficient micro-manufacturing 

technologies for mass fabrication of micro-scaled parts. 

As one of the low-energy production methods, 

micro-forming process has attracted much attention due 

to its good product quality, low cost and high yield. 

However, the size effects of material deformation 

behavior have been observed by many research groups, 

which means that the mature macro-forming theories 

disabled in the analysis of micro-forming deformation 

behavior directly [1−3]. 

In order to obtain an in-depth understanding of 

material deformation behavior in micro-forming, plenty 

of experimental studies have been conducted. In the 

tensile test of thin-sheet, KALS and ECKSTEIN [3] 

found that surface grains are crucial in the overall 

deformation behavior and the flow stress reduces with 

the decrease of the specimen dimensions. CHAN et al [4] 

investigated the grain size effect via micro-bulk 

compression of pure copper. It was concluded that along 

with the increase of grain size, the strengthening effect of 

grain boundary gradually dwindles, thus leading to the 

decrease of flow stress. In addition, the studies on size 

effects have been extended to the complex micro- 

forming processes. WANG et al [5] investigated the 

effect of die cavity size on micro-formability by coining 

tests. They concluded that the deformation can be 

considered as the single grain deformation when the 

grain size is larger than the groove width. The 

investigation by EICHENHUELLER et al [6] showed 

that elevated temperatures are effective to minimize and 

control the scatter effects in micro-extrusion forming 

processes. XU et al [7,8] investigated the size effects on 

deformation behavior of brass foil via micro-blanking 

tests. They found that as the foil thickness decreases, the 

ultimate shearing strength increases and the fracture 

mechanism of micro-blanking significantly changes from 

shear dimple to slip separation. 

Furthermore, in order to describe and predict the 

material deformation behavior in micro-forming process, 

appropriate constitutive models have been developed. 

GEIGER et al [9] developed a “free surface layer” model 

theory which was accepted by most researchers and used 

to interpret “the smaller is weaker” phenomena in some 

forming processes such as micro-bulk extrusion [10] and 

                       

Corresponding author: Guo-quan TONG; Tel:+86-25-84891881; E-mail: meegqtong@nuaa.edu.cn 

DOI: 10.1016/S1003-6326(17)60069-4 



Zhen-wu MA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 616−626 

 

617 

thin-sheet bending [11]. Besides, by combining free 

surface layer model with the theories of single crystal 

and polycrystal, LAI et al [12] proposed a mixed 

material model, which contains a size-independent part 

and a size-dependent part. Moreover, a composite model 

theory shows that material substrate is composed of 

grain-interiors and grain-boundary work-hardened  

layer [13]. Employing the composite model and the free 

surface layer model, LIU et al [14] developed a 

constitutive model considering the grain and geometry 

size effects simultaneously. In addition, some 

phenomenological models were developed [15−17]. 

The above reviews indicated that most 

investigations were focused on the phenomenon study of 

size effects on material deformation behavior. Actually, 

different from the macro-scale parts, micro-parts contain 

only a few grains. The deformation behavior of each 

grain plays a significant role in the whole material 

behavior, such as the scatter of process parameters and 

inhomogeneous material flow, which needs further 

research. The purpose of this study is to investigate the 

relationship between the whole material behavior and 

each grain deformation behavior and then develop a 

model to describe it. Firstly, tensile tests and 

micro-indentation tests were conducted to study the size 

effects on the deformation behavior of CuZn20 sheet 

foils, both qualitatively and quantitatively. Based on the 

experimental results, a size-dependent model considering 

the effects of grain size, geometry size and the 

deformation behavior of each grain was developed. 

Finally, the developed model was verified by two sets of 

different experimental data. 

 

2 Experimental 
 

Sheet foils of CuZn20 with four thickness values of 

0.4, 0.1, 0.05 and 0.03 mm were selected as the testing 

materials. To investigate both the geometry size effect 

and grain size effect, the materials were annealed at 

different annealing temperatures and holding time. The 

heat treatments were conducted in vacuum with a 

vacuum degree of 1.5 × 10−3 Pa to avoid the sheet foils 

from oxidation. After being etched, the average grain 

size of the heat-treated sheet foils was measured by 

transversal method. The annealing conditions and 

corresponding group parameters are listed in Table 1. 

The mechanical properties of the sheet foils were 

measured via uniaxial tensile tests. Based on the 

ASTM-E8 standard, the initial measuring length L0 and 

specimen width Lw for all specimens were kept constant 

at 50 and 12.5 mm, respectively. The elongations of the 

specimens were measured by an extensometer with the 

gauge length of 50 mm. The strain rate was 0.001 s−1 for 

all experiments. The true stress−strain curves of the sheet 

Table 1 Annealing conditions and corresponding group 

parameters 

Group 

No. 

Thickness, 

T/mm 

Annealing 

condition 

Grain size, 

d/μm 
T/d 

A1 0.4 400 °C, 1 h 37 10.8 

A2 0.1 500 °C, 1 h 34 2.94 

A3 0.05 500 °C, 1 h 35 1.4 

A4 0.03 600 °C, 1 h 35 0.86 

B1 0.1 400 °C, 1 h 25 4 

B2 0.1 500 °C, 1 h 34 2.94 

B3 0.1 600 °C, 1 h 73 1.4 

B4 0.1 700 °C, 1 h 101 0.99 

Group A was used to investigate geometry size effect; Group B was used to 

investigate grain size effect 

 

foils were obtained by averaging the data of 6 

experiments for each group. 

In order to investigate the deformation behavior   

of individual grains, the microhardness evaluation    

was performed on cross-section of the specimen 

perpendicular to the loading direction for all deformed 

sheet foils, as illustrated in Fig. 1. The sheet foils were 

molded, polished and etched. The Vickers hardness of 

the specimens was obtained with a 10 g load by holding 

10 s. The indents were assured to locate in grain-interior 

and keep a distance of no less than 10 μm from the edge 

and 20 μm from the adjacent ones. 

 

 

Fig. 1 Schematic illustration of microhardness measurement 

 

3 Results and discussion 
 

3.1 Geometry size effect on flow stress 

The true strain–stress curves for different kinds of 

sheet foils with similar grain size are shown in Fig. 2(a). 

It can be seen that the flow stress and elongation 

decrease with the decrease of the thickness of sheet foils. 

In the experiment performed by MIYAZAKI     

et al [18], they observed that there are only a few 

dislocations distributing inside the grain-interior and the 

three-fold node of grain-boundaries in the surface grains 

of material. Besides, according to the metal physics 

theory, grains located at the surface layer of material 
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Fig. 2 True stress−true strain curves for different groups:     

(a) Group A; (b) Group B 

 

have less constraint than internal ones. Therefore, the 

strain hardening behavior of the surface grains is much 

weaker than that of the internal ones, so, plastic 

deformation of the surface grains is much easier. In 

micro-forming process, the geometry size and the grain 

size have the same order of magnitude, so, the surface 

grains are crucial to the overall material behavior. As 

shown in groups A1−A4 of Table 1, the grain sizes of 

sheet foils are all approximately 35 μm, so, the share of 

surface grains increases with the decrease of the 

thickness, thus leading to easier plastic deformation and 

weaker strain hardening of the material. Therefore, the 

flow stress decreases with the decrease of the thickness 

of sheet foils. 

 

3.2 Grain size effect on flow stress 

Figure 2(b) shows the true strain–stress curves for 

sheet foils with different grain sizes but the same 

thickness, indicating that the flow stress and elongation 

decrease with the increase of the grain size. 

The atomic arrangement at grain boundary is more 

disordered than that in grain-interior. The grain boundary 

works as a rigid network structure during plastic 

deformation. Dislocations slip towards and pile up 

against the grain boundary, which produce strain 

hardening [19]. As shown in groups B1−B4 of Table 1, 

the sheet foils own the same thickness, so, the total grain 

boundary area decreases with the increase of grain size. 

The dislocations move more easily but pile up more 

difficultly in the specimens with larger grain size, which 

eventually results in easier plastic deformation and less 

strain hardening of the material. Therefore, the smaller 

the grain size is, the higher the flow stress will be. 

 

3.3 Deformation distribution of different grains 

The effect of deformation hardening can be 

characterized by hardness evaluation because the plastic 

deformation has a positive correlation with hardness. In 

order to illustrate the hardness distribution of specimens 

better, the hardness values of grains are expressed as 

different colored blocks. As shown in Fig. 3(a), different 

colored blocks represent different hardness values of 

grains and the relative hardness of different colored 

blocks is annotated by the scale bar which is established 

 

 

Fig. 3 Hardness of grains in different specimens: (a) Hardness 

distribution of grains in specimens with different sheet foil 

thickness values; (b) Variation of MHT with different sheet 

foils thickness 
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based on certain testing results (Section 2). Ten sets of 

data are extracted along the width direction from 

multiple specimens with different thickness values, 

presenting that the hardness distribution of different 

grains is disturbed. Compared with other deformation 

directions, the thickness direction owns the minimum 

number of grains. To investigate the combined 

contribution of grains in the thickness direction, a 

hardness factor MHT is defined, which is the mean 

hardness value along the thickness direction. The 

variation trend of mean MHT value of the extracted   

10 sets of data from sheet foils with different thickness 

values is shown in Fig. 3(b). It is found that with the 

increase of sheet foil thickness, the mean MHT value 

increases while the scatter value (ratio of standard 

deviation to mean MHT value) decreases. In addition, the 

scatter value of the sheet foil with thickness of 0.4 mm is 

small, which means that the layout of different grains 

along the thickness direction is substantially different 

while the MHT value in the width direction is almost the 

same. 

Along the loading direction, the soft grains deform 

toward their favorable orientation, while the hard ones 

deform in their unfavorable orientation. As described in 

SACHS model [20], each grain undergoes the same 

stress, which is equal to the external stress. When the 

stress of a specimen is σ, the stress in each grain is also  

σ. Due to different properties of different grains, 

deformation will occur in soft grains more easily than in 

hard ones. Based on the assumption that the shape 

change performs in the way of minimizing energy 

consumption [21], soft grains consume the minimal 

plastic work. When it comes to a specimen with few 

grains, minimization of energy consumption can be 

achieved by developing a combination of soft grains with 

soft grains. Once this weak combination is formed, a 

significant deformation will be concentrated in this area, 

eventually leading to inhomogeneous deformation and 

premature fracture. As shown in Fig. 4, the specimen 

with less number of grains in the thickness direction is 

more likely to form the easy deformation zone which is 

composed of a high proportion of soft grains. This can 

explain why the specimen with small number of grains in 

thickness direction presents small elongation, as 

mentioned in Sections 3.1 and 3.2. For the specimen with 

many grains, soft grains and hard grains are evenly and 

randomly distributed, which is difficult to form the weak 

combination of soft grains. Deformation along different 

directions is homogeneous. Grains in the specimen are 

homogeneous hardening with the increase of strain, so, 

with the increase of grain number in specimens, the 

mean value of MHT increases and the scatter of MHT 

value decreases (Fig. 3(b)). Besides, shape change and 

rolling for some grains may occur during deformation, 

which play an important role in transferring hardening 

and reducing strain concentration. As the differences 

among grains narrow, the probability of forming the 

concentration of plastic deformation will be further 

reduced. Therefore, more homogeneous deformation and 

greater fracture strain will occur in specimens with large 

number of grains. 

 

 

Fig. 4 Schematic illustration of easy deformation zone 

 

3.4 Scatter of flow stress 

Figure 5 depicts the coefficient of variation (ratio of 

standard deviation to mean flow stress) of flow stress in 

groups A and B, which quantifies the scatter of flow 

stress. In group A, sheet foils with thickness of 0.03 mm 

own the lowest fracture true strain of 0.15. Therefore, 

only the scatter effect of flow stress in each thickness 

with the true strain of 0.15 was investigated. As shown in 

Fig. 5(a), the coefficient of variation increases with the 

decrease of sheet foil thickness. The coefficient of 

variation reaches 3.1% at the thickness of 0.1 mm, which 

is almost the same with that of 0.4 mm. However, as the 

thickness of sheet foils decreases from 0.1 to 0.03 mm, 

the coefficient of variation increases promptly and the 

relative variation trend turns to be steep. In group B, the 

scatter of flow stress with the true strains of 0.1, 0.2 and 

0.3 was investigated. As shown in Fig. 5(b), the variation 

trend is consistent with group A, decreasing with the 

increase of T/d ratio. Besides, the coefficient of variation 

decreases with the increase of true strain when the grain 

size is 25 μm. However, with the increase of grain size, 

this trend is not obvious or even disappears. These 

results indicate obvious size effect. 

As shown in Fig. 3(a), each grain owns unique 

deformation behavior and randomly distributes in each 

specimen. With the decrease of geometry size or increase 

of grain size, the number of grains becomes less and less 

in specimens. As the geometry size and the grain size are 

in the same order of magnitude, the deformation 

behavior of each grain will dominate the properties of the 

whole material. The strong anisotropy of the mechanical 

properties of different grains will lead to a strong scatter 

value in the forming properties of different specimens. 
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With the increase of strain, deformation and rolling occur 

in some grains. The strain incompatibility and stress 

gradient which generates due to different properties of 

neighboring grains decrease during the plastic 

deformation [22]. However, with the reduction of the 

grain number in specimens, deformation and rolling for 

grains will become increasingly difficult or even 

impossible. The deformation of each grain is not only 

used to increase the strain compatibility among different 

grains but also it must comply with the shape 

development of the whole material. This difference can 

illustrate the reason why the scatter of flow stress shows 

different variation trends at different strains for 

specimens with different grain sizes. 

 

 
Fig. 5 Scatter of flow stress for different groups: (a) Group A; 

(b) Group B 

 

4 Establishment of size-dependent model 
 

Based on the above experimental results, it can be 

concluded that the material behavior in micro-forming 

has a close correlation with the grain size, geometry size 

and deformation behavior of each grain. In this section, 

these factors are coupled in model building. 

 

4.1 Grain size effect 

Previous studies have shown that the regions 

adjoining grain boundaries harden at a much higher rate 

than grain interiors. According to this model theory,   

the flow stress of polycrystalline aggregate can be 

redescribed as 
 

σS=θσGI+(1−θ)σGB                               (1) 
 

where θ=AGI is the grain size factor, representing the 

areal fraction of grain-interiors and (1−θ)=AGB represents 

the share of grain-boundary layers. σGI and σGB are the 

flow stress values of grain-interiors and grain-boundary 

layers, respectively. It is known that the real shaped 

grains can be developed with crystal plasticity model 

theory [23]. However, considering that the thickness   

of grain-boundary layer is a key parameter in 

micro-forming, which is related to the grain diameter and 

can be calculated by the following equation [13]:  
 

t=0.133d 0.7                                     (2) 
 

The shape of grains is assumed to be regular 

hexagon, with diameter d and thickness of 

grain-boundary layer t. The areal fractions of the two 

regions are expressed by 
 

2

2

GI 2

3 3 2

2 2 43
1

33 3

2 2

d
t

t
A

dd

 
 

  
   

  
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 

            (3) 

 

GB GI

8 2
1 1

3 3

t t
A A

d d

 
    

 
                 (4) 

 

Substituting Eq. (2) into Eq. (3), it can be found that 

the areal fraction of grain-interiors increases with the 

increase of grain size. Based on Eq. (1), it can be 

concluded that with the increase of grain size, the 

grain-interiors regions will play an increasing significant 

role in the whole material behavior. 

 

4.2 Geometry size effect 

Grains in specimen can be divided into two  

portions: surface portion and inner portion. Based on the 

experimental results, surface grains can induce 

weakening effect on micro-specimens [12,24]. 

The deformation behavior of surface grains 

resembles that of single crystals [25]. Therefore, the flow 

stress of surface grains is equal to that of grain-interiors, 

as shown in Fig. 6. 
 
σSur=σGI                                        (5) 
 

In contrast to the surface grains, grains located in 

the interior are surrounded by neighbouring ones, so their 

deformation behavior resembles that of polycrystal  

ones [25]. The flow stress of inner grains is equal to that 

of polycrystalline aggregate. 
 
σInner=σS=AGIσGI+AGBσGB                         (6) 
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Fig. 6 Schematic illustration of free surface model:         

(a) Micro-bulk specimen; (b) Sheet foil specimen 

 

The flow stress of specimen with free surface is 

then represented by the weighted average of free surface 

grains and inner grains, which is expressed as follows: 
 

σ=μσInner+(1−μ)σSur                                (7) 
 

where μ is the geometry size factor representing the share 

of inner grains. For circular cross-section bulk specimen 

with diameter D, as shown in Fig. 6(a), μ is expressed as 
 

2
2D d

D

 
  
 

                               (8) 

 

For rectangular cross-section sheet specimen with 

thickness T and width W, as shown in Fig. 6(b), μ is 

expressed as 
 

( 2 )( 2 )T d W d

WT

 
                          (9) 

 

When geometry size factor μ≈0, the boundary 

condition of grains resembles that of the surface grains. 

Equation (7) can be simplified as σ=σSur=σGI and the flow 

stress of material can be expressed as that of 

grain-interiors. When geometry size factor μ≈1, which 

means that free surface grains almost have no effect on 

the whole material behavior, Eq. (7) can be simplified as 

σ=σInner=σS and the flow stress of material can be 

expressed as that of polycrystalline aggregate. 

Substituting Eqs. (5) and (6) into Eq. (7), the flow 

stress of specimen with free surface is designated as 

follows: 
 

Ind Dep

Ind S GI GI GB GB

Dep GB GI GB

( )

(1 ) )

A A

A

 


  
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   

   

   

                (10) 

 

Therefore, the size-dependent model can be 

expressed as the size-independent term (σInd) plus the 

size-dependent term (σDep). In the formula, the 

size-independent term is expressed as polycrystalline 

aggregate and the size-dependent term is expressed as 

the missing grain-boundary strengthening effect of free 

surface. 

4.3 Critical criterion 

Size effects gradually disappear when the number of 

grains in micro-parts is large enough [26]. Distinguishing 

micro-forming and macro-forming is crucial in modeling 

the deformation behavior of micro-scale material. Based 

on the above analyses, the size-dependent term plays a 

vital role in the material deformation behavior.  

Therefore, a critical criterion is proposed to investigate 

the effect of the size-dependent term, quantitatively. The 

dependence factor θ is expressed as 
 

Dep

Ind

| |






                                 (11) 

 
When dependence factor θ approaches the set 

threshold (5%), the corresponding number of grains in 

the characteristic direction is defined as the critical value 

Nc. The characteristic direction is a representative 

direction of specimen that can be the thickness for sheet, 

the diameter for cylinder bulk metal, and so on. When 

the number of grains N in the characteristic direction is 

less than Nc, the material deformation behavior can be 

regard as micro-forming. Both the size-independent term 

and the size-dependent term should be used in modeling 

of the material deformation behavior. On the contrary, 

the size-independent term is the main consideration when 

the number of grains N in the characteristic direction is 

more than Nc. 

According to the above analyses, a detailed 

size-dependent model for forming can thus be obtained: 
 

Ind c

Ind Dep c

Ind GI GI GB GB

Dep GB GI GB

( ) , (macro - forming)

( ) , (micro - forming)

(1 ) )

  

  

N N

N N

A A

A

 

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

 
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  

   

  

   

    (12) 

 

4.4 Intragranular heterogeneity effect 

Based on the experimental results, each grain owns 

unique deformation behavior and will dominate the 

properties of the whole material. Therefore, the 

deformation behavior of each grain must be considered 

in model building. 

The grain-boundary layer is considered to response 

with high hardening rate. The rapid work-hardening 

grain-boundary layer is assumed to respond according to 

VOCE equation [27]. 
 

sa

sa 0 c

exp
 

  
  

  

  
                        (13) 

 
where σ0 represents the initial yield stress, σsa represents 

the saturation stress, and εc represents a characteristic 

strain. 

For copper, the parameters in Eq. (13) for 

grain-boundary layer can be obtained from Ref. [13] and 

are shown in Table 2. 
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Table 2 Parameters for grain-boundary layer 

σ0/MPa σsa/MPa εc 

100 900 0.01 

 

The relationship among grain-boundary layer, 

composite grain-interiors and size-independent term is 

illustrated in Fig. 7. It can be concluded that the 

inhomogeneous material behavior is caused by the 

heterogeneity of composite grain-interiors, namely    

the different combinations of single grain-interiors. 

Therefore, the spread degree of the composite grain- 

interiors is the same as that of size-independent term. 

 

 
Fig. 7 Relationship among grain-boundary layer, composite 

grain-interiors and size-independent term 

 

Equation (10) can be rewritten as 
 

GB GB
GI

GB

  



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


                      (14) 

 
For a given specimen, the geometry size and grain 

size are known. According to Eq. (14), if the flow stress 

of specimen is known, the flow stress of the composite 

grain-interiors can be calculated without considering the 

strengthening effect of grain-boundary layer. 

Based on the assumption of CHAN et al [4], it can 

be concluded that the mean flow stress curves of   

single grain-interiors and composite grain-interiors   

are same. Besides, grains can be divided into seven 

classes according to the nano-indentation experiment 

results [28]. 

Following the fundamentals outlined above, the 

methodologies to estimate the heterogeneities of single 

grain-interiors are developed. 

1) The upper bound and lower bound of single 

grain-interiors are calculated. As illustrated in Fig. 8(a), 

it is assumed that there are only three different composite 

grain-interiors properties (the mean, the upper bound, 

and the lower bound) calculated with Eq. (14). In 

addition, there are only three different single 

grain-interiors properties (the mean, the upper bound, 

and the lower bound) in the specimen. Two different 

single grain-interiors curves work together to produce 

one composite grain-interiors curve with equal 

contribution. Therefore, the spread degree of the single 

grain-interiors properties is 2-fold wider than that of the 

grain-interiors of composite. 

2) The properties of single grain-interiors are 

divided into seven groups represented by their 

corresponding flow stress curves, which are evenly 

spaced within the upper bound and lower bound of flow 

stress of single grain-interiors, as shown in Fig. 8(b). 

The distributions of the flow stress of different 

single grain-interiors are assumed to conform to the law 

of normal distribution. Based on the probability density 

function (PDF), the volume fraction for seven groups of 

single grain-interiors flow stress curves can be calculated 

and shown in Table 3. 

 

Table 3 Volume fractions for seven groups of single 

grain-interiors 

Type 1 Type 2 Type 3 Type 4 Type 5 Type 6 Type 7 

0.09 0.12 0.13 0.32 0.13 0.12 0.09 

 

5 Verification and application 

 

The micro-bulk specimens and the sheet foil 

specimens were employed to validate the developed 

size-dependent model. 

 

 
 

Fig. 8 Computational method of different groups of single grain-interiors (S is the stardard deviation): (a) Upper bound and lower 

bound of single grain-interiors; (b) Seven groups of single grain-interiors 
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5.1 Grain size effect in micro-bulk forming 

The first case study was a micro-bulk upsetting 

experiment of copper conducted by CHAN et al [4]. The 

main geometry dimensions and process parameters are 

listed in Table 4. 

The measured strain−stress curves and the 

variations of dependence factor θ are shown in Figs. 9(a) 

and (b), respectively. It can be illustrated that dependence 

factor θ decreases with the increase of grain number N 

(N=D/d) in the characteristic direction. The variations of 

critical value Nc with strains in characteristic directions 

are shown in Fig. 9(c). The results indicate that the 

critical value decreases with the increase of strain. 

As illustrated in Fig. 9(c), both the numbers of 

grains N in the two cross-sections are less than Nc at all 

strains, so the material deformation behavior can be 

regarded as micro-forming. Grain size, geometry size, 

and the deformation behavior of each grain are 

considered to calculate the flow stress. 

Applying the calculation procedure described in 

Section 4.4, seven groups of single grain-interiors 

properties are determined. Then, the methodologies to 

evaluate the material behavior of sample models are 

developed, as shown in Fig. 10. 

1) The base material is configured with the method 

of distinguishing the mechanical property of each 

grain-interior. Seven groups of single grain-interiors are 

randomly assigned according to their volume fractions 

(Table 3). 

2) Some regions having the same number of grains 

in characteristic direction with experimental specimen 

are extracted as sample models from the configured base 

material to estimate the flow stress of experimental 

specimen. 

 

Table 4 Parameters for micro-bulk upsetting experiment 

Cross- 

section No. 

Geometry 

dimension/mm 

Grain size, 

d/μm 

Geometry size 

factor, μ 

Thickness of grain-bound 

layer, t/μm 

Areal fraction of 

grain interior 
N (D/d) 

1 d0.5× 0.75 40 0.71 1.76 0.81 12.5 

2 d 0.5× 0.75 180 0.08 5.04 0.87 2.78 

 

 

Fig. 9 True strain−stress curves from Ref. [4] (a), variation of dependence factor θ (b) and variation of critical value with strain (c) 

 

 

Fig. 10 Evaluation of material behavior of sample models for different cross-sections: (a) Cross-section 1; (b) Cross-section 2 

javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);
javascript:void(0);


Zhen-wu MA, et al/Trans. Nonferrous Met. Soc. China 27(2017) 616−626 

 

624 
 

3) The surface grains are regarded as grain-interiors 

in calculation. 

The calculated results will be more approximate to 

experimental data when more regions are extracted, but 

in order to reduce computational complexity, only six 

regions are extracted as sample models from the base 

material in this study. 

Figure 11 presents the comparison between the 

calculated results and the experimental ones, which 

shows that the calculated strain−stress curves distribute 

dispersedly. From cross-section 1 to cross-section 2, it 

can be observed that the scatter increases and the mean 

flow stress decreases with the increase of grain size. 

Moreover, the calculated results by the developed model 

match well with the experimental results. 

 

 

Fig. 11 Comparison of calculated and experimental results in 

micro-bulk forming: (a) Cross-section 1; (b) Cross-section 2 

 

5.2 Geometry size effect in sheet foils forming 

The second case study was the tensile experiment of 

sheet foils conducted in this work. Sheet foils with 

thickness values of 0.4 and 0.03 mm (A1 and A4 in  

Table 1) were selected to validate the developed model. 

The main geometry dimensions and process parameters 

are listed in Table 5. 

As shown in Table 5, the geometry size factor μ   

in cross-section 2 is 0. According to the definition of 

Table 5 Parameters for sheet foils tensile experiment 

Cross- 

section 

No. 

Geometry 

dimension, 

W×T/mm 

Grain 

size/ 

μm 

Geometry 

size 

factor, μ 

Thickness 

of grain- 

bound 

layer/μm 

Areal 

fraction 

of grain- 

interiors 

N 

(T/d) 

1 12.5×0.4 37 0.81 1.67 0.80 10.8 

2 12.5×0.03 35 0 0 1 0.86 

 

Eq. (7), the flow stress of the composite grain-interiors 

can be expressed as that of the experimental material. 

Based on the definition of Nc, the two cross-sections are 

regarded as micro-forming. According to the 

methodologies that estimate the heterogeneities of single 

grain-interiors in Section 4.4, seven groups of single 

grain-interiors are determined. Based on the 

methodologies to evaluate the material behavior of 

sample models in Section 5.1, six regions are extracted. 

Figure 12 presents the comparison between the 

calculated results and the experimental ones, presenting 

that the calculated stress−strain curves distribute 

dispersedly and the mean flow stress decreases with the 

decrease of the geometry size. In addition, the predicted 

flow stress curves have a good agreement with the 

experimental results. The above comparison results show 

that the developed size-dependent model is effective in 

describing the material flow stress in micro-forming. 
 

 

Fig. 12 Comparison of calculated and experimental results in 

sheet foils forming: (a) Cross-section 1; (b) Cross-section 2 
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6 Conclusions 
 

1) The scatter of flow stress which shows an 

opposite trend with the value of flow stress decreases 

with the increase of T/d ratio. The elongation decreases 

with the decrease of T/d ratio. 

2) Each grain owns unique deformation behavior 

and randomly distributes in the specimen. The specimen 

with less number of grains would be more likely to form 

an easy deformation zone and produce the concentration 

of plastic deformation. 

3) The inhomogeneous material behavior in 

micro-forming is caused by different combinations of 

single grain-interiors. 

4) A size-dependent model considering the effects 

of grain size, geometry size, and the deformation 

behavior of each grain has been developed. 

5) New methodologies are proposed to estimate the 

heterogeneities of single grain-interiors and the material 

behavior of sample models. 

6) As a further extension of this research endeavor, 

a size-dependent model with consideration of the grain 

shape in micro-forming will be carried out in the next 

work. 
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考虑晶内异质性的微成形材料变形行为 
 

马振武，童国权，陈 峰 

 

南京航空航天大学 机电工程学院，南京 210016 

 

摘  要：采用实验和数值建模方法探究微成形中材料变形行为和晶粒变形行为的关系。拉伸实验结果表明，流动

应力的离散度随厚度晶粒尺寸比(T/d)的减小而增大，这与流动应力的变化规律相反。显微硬度测试结果表明，每

个晶粒都有其独特的变形行为且随机分布于试样中。含晶粒数量越少的试样越容易形成易变形区和发生变形集中

现象。最后，建立了一个同时考虑晶粒尺寸、几何尺寸和个体晶粒变形行为的尺寸依赖模型，并通过对比实验证

实了该模型的有效性和实用性。 

关键词：微成形；变形行为；尺寸效应；模型；晶内异质性 
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