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Abstract 

In any case, macroscale shaping cannot be transferred to microscale due to the size effect. There are 

different parameters to evaluate small-scale forming. In this article, the effect of flow stress and 

topography in two states of lubrication and without lubrication for T2 copper micro cylinder has been 

investigated using the numerical solution and prediction of a trained neural network. An artificial 

neural network model has been presented to investigate the flow stress and the effect of friction with 

the miniaturization of the copper microcylinder. The results show that the flow stress decreases with 

decreasing the initial specimen diameter in both lubrication conditions, and the flow stress decreases 

by 30 MPa with the initial specimen diameter decreasing from 8 mm to 1 mm. The friction factor 

increases obviously with decreasing the initial specimen diameter in the case of lubricating with 

castor oil, and the friction factor increases by 0.11 with the initial specimen diameter decreasing from 

8 mm to 1 mm. However, the tribology size effect is not found in the case without lubrication. The 

reasons for the flow stress and tribology size effects were also discussed. The good matching of 

outputs and objectives in the regression graphs shows that the response of the neural network is 

satisfactory. 
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1. Introduction 

Due to their small size and structure, micro parts have different physical, mechanical, and 

metallurgical properties than macro structures. The production of micro parts is one of the innovation 

movements in many new products, including the production of new models of computers, cars, 

mobile phones, CD players, MP3 players, and a range of flat screens, medical tools, implants, etc. 

[1]. Micro forming is one of the most popular ways to form small parts due to mass production, high 

efficiency, high precision, short duration, low cost, and no pollution. Although the metal-forming 

process is well understood and widely used, micro-forming is unwise due to size effects directly. 

Although the effect of the flow stress size has become one of the focuses of research in micro forming 

in these years, most researchers have focused on micro metal forming. The size effect in the formation 
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of micro-sheets has been widely investigated in stress [2-3], bending [4-5], and tensile processes [6-

7], and almost no explanations are available. However, only some studies focused on extensive 

microformat. Messener et al. [8] and Chen et al. [9] investigated the effect of flow stress size of 

copper-zinc alloy using fracture and microhardness tests, respectively, and showed that the flow stress 

decreases with the reduction of sample dimension. Compared to the size effect of flow stress, research 

on the size effect of tribology was limited. Messener and his colleagues [8] for the first time 

investigated the effect of tribological size using a cylinder pressure test and showed that the 

coefficient of friction increased by decreasing the initial size of the sample. Nanthakumar et. al [10] 

studied two extrusion cups and found that friction increases dramatically under miniaturization with 

lubrication, but friction is constant without lubrication. Ghassemali et. al [11] manufactured micro-

pins through a novel progressive micro-forming process. However, Krishnan et al. [12] found that by 

reducing the size of the extruded pins in microextrusion without lubrication, the coefficient of friction 

decreases. Vollertsen et. al [13-14] macro tension and studied micro and developed a new friction 

test method to study the size effect of tribology, the results showed that the coefficient of friction in 

micro forming is much higher than macro forming. This research aims to develop an artificial neural 

network model for predicting flow stress with changes in friction coefficients in both lubricated and 

non-lubricated conditions. The coefficient of friction has a major effect on the drawing force and the 

wall thickness reduction [15]. Many advances in the development of intelligent systems are inspired 

by biological neural networks. It has been achieved. Artificial neural networks are used for 

information processing. Cylindrical compression is a common method to obtain the stress-strain curve 

and it is also a simple method to determine the friction factor in metal forming. In this research, low-

scale cylinder compression has been done to investigate the amount of flow stress and the size of the 

effect of tribology in micro-forming. The subject of this research is to investigate and compare the 

compressibility of the effect of friction in two states of lubrication and without lubrication of 4 micro-

cylinders of different sizes using a numerical solution and neural network model, finally the results 

of a numerical solution with a similar article [16-17]. The results of the experimental solution have 

been compared. The results of the two numerical and experimental solutions show the same 

compliance. Recently, the severe plastic deformation processes (SPD) such as equal channel angular 

pressing (ECAP) [18], equal channel angular rolling (ECAR) [19, 20], high-pressure tube twisting 

(HPTT) [21], constrained groove pressing (CGP) [22, 23], non-equal-channel angular pressing 

(NECAP) [24, 25] and cyclic close die forging (CCDF) [26-28] have been used in the micro forming 

fields. These techniques are particularly suited for the micro-forming of metals. For example, 

Supriadi et. al [29] used the ECAP process as a micro-forming process to form the mini plate.   

Considering that a lot of research has been done in the field of a copper microcylinder, the study of 

the effect of surface mapping is limited in the sources and the presentation of the neural network 

model in this regard has not been reported in the sources. In this study, four T2 copper micro cylinders 

with diameters of 1, 2, 4, and 8 mm were examined in the microbarrelization test (Figure 1). The 

triaxial flow stress has been simulated in friction conditions between the microplate and the cylinder 

piece. Since the Johnson cook model is more for investigating the effect of flow stress, in this 

research, the effect of barreling is also simulated under the J-C model. The form and size of the 

samples were prepared according to the Chinese standard GB/T 73142005. Copper micro-cylinders 

have been simulated with ABAQUS software at a temperature of 400ºC under annealing conditions.  
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Figure 1. Microcylinder before micro forming 

 

2. Neural network model 

The purpose of an artificial neural network is to extract patterns and recognize trends from complex 

or ambiguous data. There are different methods to train the neural network, a neural network consists 

of several inputs, hidden, and output layers. These networks come in various forms, from forward 

synthetic networks, backpropagation, and radial basis function network. The training of the artificial 

neural network begins with the selection of a random weight function. These functions are adjusted 

so that the error reaches its minimum value [30-31]. The weighting function of artificial neural cells 

with a back propagation algorithm is as follows [32-33]: 

𝐴𝑘 = 𝑏𝑘 ∑ 𝑊𝑘𝑗
𝑗=1

𝑋𝑗 
(1) 

Where Wkj is the weight of the interface between neuron cell k and neuron j, Ak is the weighted input 

of cell k, bk is the base and Xj is the input signal. As can be seen, activation only depends on input 

and weight. The output from the hidden layers Yk is defined using the sigmoid transfer function: 

𝑌𝑘 =
1 − 𝑒𝐴𝑘

1 + 𝑒𝐴𝑘
 

(2) 

 

A linear function is used to calculate the output from the output layer: 

𝑌1=
1-e𝐴1

1+e𝐴1
 , 𝐴1=𝑏1+ ∑ Wkjxj

p

k=1

 (3) 

 

Where p is the number of hidden layer cells. Indices l, j, k refers to hidden input and output layers, 

respectively. The use of ten neural cells in the hidden layer provides a good match between the results 

of finite components predicted by the neural network. As a result, this configuration is chosen for 

neural network training. This network has an input layer including the effect of friction and flow 

stress in the output layer. Matlab ANN toolbox is used to build the neural network. Program input 

data is entered as a vector. In the Matlab software toolbox, the divider and option are used, in which 

a percentage of data is randomly selected for validation and a percentage for network testing. In this 

work, 15% of validation and 15% are used for network testing and the rest of the data are used for 

network training. 
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3. Finite element model 

In this method of micro forming behavior, the effect of friction in two cases of lubrication and without 

lubrication is modeled with the help of the Johnson-Cook relationship [31]. 

σy=(A+Bεn) (1+Cln
ε̇eq

p

ε̇0

) (1- (
T-Tr

Tm-Tr
)

m

) (4) 

ε =ln )H/H0-ΔH)                                                        (5) 

σ =P/A0 exp ε (6) 

 

In this equation, σy is the true stress, ε is the true plastic strain, 𝜀0̇  plastic strain rate, 𝜀�̇�𝑞
𝑝

 is the base 

plastic strain rate, T is the instantaneous temperature of the workpiece, Tr is the ambient temperature, 

Tm is the melting temperature of the workpiece material, and m, n, B, and A constant are in this 

equation.  

 

4. Calculation of strain stress and friction factors 

The flow stress and true strain are checked according to the following relations:     

m =
(

R

H
)b

(
4

√3
)−(2b/3√3)

 (7) 

b=4 
ΔR

R
∗

H

ΔH
 (8) 

R=R0√H0/H (9) 

RT =√(
3H0 

H
R0

2) − 2RM
2 (10) 

 

So that ε is the true strain, H0 is the initial height of the microcylinder, ΔH is the reduction in the 

height of the microcylinder after forming, σ is the flow stress, P is the applied pressure in the 

microcylinder, and A0 is the initial cross-section of the microcylinder. Due to the presence of high 

friction in the mold, the micro cylinder becomes a barrel after forming. The friction coefficient 

follows the following relations under the upper limit relations: 

m is the friction factor, R is the average radius of the micro cylinder after forming, H is the height of 

the micro cylinder after forming, and b is the barreling parameter (Figure 2). 

 
Figure 2. Micro-cylinder after micro-shaping [16] 

 

Flow stress diagram - the true strain of different micro samples is shown in the figure. The flow stress 

of micro cylinders can be obtained based on the true strain-flow stress diagram. According to the 
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experimental test [16], the flow stress has been reduced by reducing the diameter of the micro 

cylinders from the value of 30 MPa, these values are shown in Table 1. The results of the calculation 

of flow stress-true strain are the same in both experimental and numerical conditions (Figure 3). This 

result shows the effect of the size effect on the flow stress in both lubrication and non-lubrication 

conditions in micro parts (Figure 4). 

 
Table 1. the tension of the currents obtained from the laboratory solution. 

diameter 

(µm) 
flow stress lubrication 

(MPa) 

flow stress non-lubrication 

(MPa) 

1000 30 30 

30.2 

30.28 

30.8 

2000 45.2 

4000 50.8 

8000 67 

  

5. Flow stress size effect 

During scaling down of the size of the material to the micron level only a very small amount of grain 

participates in forming operation and therefore the position, orientation, and size of the individual 

grain are very important. Due to the inhomogeneous nature of materials, scattering of process 

parameters occurs such as scattering of flow stress, which affects the formability of the process. 

Therefore, a solution to this problem was to conduct micro-forming operations at elevated 

temperatures which will bring back homogeneous nature to the material and limit the scattering of 

process parameters. The micro-manufacturing process at elevated temperature was carried out at 

copper alloy from room temperature to 400 C to limit the scattering of parameters. Enlargement in 

forming limit, reduced required forming load, and decrease in flow stress scattering were observed 

during the process which implies the use of elevated temperature operations to benefit in reducing 

the inhomogeneity of materials during micro forming operations. Table 2 shows the comparison of 

the results of flow stress on a sample size of different materials. 

 
Table 2. Comparing the results of flow stress on the grain size of different materials 

diameter 

(µm) 
flow stress  

(MPa) 

Material 

10000 70 AL1100-Brass [34] 

AL1100- Brass 

Pure Nickel [35] 

Pure Nickel 

1000 30 

2000 80 

1000 65 

8000 67 Copper 

1000 30 Copper 

 

The effect of flow stress depends on the size change of micro samples. Since the grains on the surface 

of the sample have a more noticeable deformation compared to the grain of the depth of the micro 

cylinder [16], during the forming process, the internal grains accumulate towards the grain boundary. 

This behavior of the material increases the hardness and resistance of the piece against deformation, 

as a result, the flow stress of the grains on the surface of the sample is lower than the depth (Figure 

3). By reducing the size of the prototype, the ratio of surface grains to grains in the volume increases, 

and as a result, the applied force decreases (Figure 4). 
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(b) (a) 

Figure 3. Stress diagram - true strain without lubrication a) simulation b) experimental 

 

  
(b) (a) 

Figure 4. Stress diagram - true strain with lubrication a) simulation b) experimental 

 

The effect of the flow stress size on the process of micro-discharge of the micro-cylinder in two cases 

of lubrication and without lubrication has been investigated. The yield stress decreases by about 30 

MPa because the sample size decreases from 8 mm to 1 mm. This case can be significant by changing 

the dimensions of the samples. The friction coefficient increases around 0.11 because the size of the 

sample decreases from 8 mm to 1 mm (Figure 5). LSCM images of the topography of 1 and 4-mm 

diameter samples are shown in Figures 6 and 7.  

 

 

 
Figure 5. The friction factor of samples with different diameters, laboratory results. 
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Figure 6. The effect of surface drawing of the simulated 1 mm sample, lubrication. 

 
Figure 7. The effect of surface mapping of the simulated 4 mm sample, lubrication. 

 

In the case of lubrication with oil, the effect of micro-compression has been reduced, because, in the 

case of lubrication, the degree of deformation in the inner part is much lower than the edge, when a 

forming load is applied to the surface of the workpiece. Lubrication is applied, and the lubricant is 

removed at the edge and cannot transmit the forming load. The forming load can only be applied on 

the uneven part and leads to more friction than the actual contact surface. While in the inner part, the 

lubricant can transfer part of the load, resulting in less contact surface and less friction. However, the 

effect of topography size is not found in the case without lubrication. This can be achieved by 

examining the effect of friction in the actual contact area under deformation.  

 

5.1 Tribology size effect 

As the tribological conditions between tool and workpiece in metal working are of the greatest 

importance for process feasibility and process quality this is even more true when the process is scaled 

from conventional down to micro dimensions. As can be shown by scaled friction tests which will 

have a distinct impact on all factors characterizing the process. By reducing the actual contact surface, 

it increases, and the friction on the edge increases. In Figures 8 and 9, only the edges are severely 

deformed, because the forming load can only be applied to the uneven parts and does not affect a part 

of the real contact surface, so the effect of surface mapping can be observed in this case. The form 

regression diagrams show the output according to the data of training, validation, testing, and all 

prediction sets. The values obtained from finite element analysis are shown as targets on the 

horizontal axis and network prediction values as outputs on the vertical axis in Figure 10. In these 

graphs, almost all the data coincide on the diagonal lines, which means that the values predicted by 
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the neural network and the results of the finite element analysis match. Therefore, the good matching 

of outputs and goals shows that the response of the network is satisfactory. The standard deviation of 

R for all data is 1 or close to 1. 

 

 
Figure 8. The effect of surface drawing of the simulated 1 mm sample, without lubrication 

 

 
Figure 9. The effect of the simulated 4 mm sample surface, without lubrication 
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Figure 10. The network model with test training, validation, and the entire set with the prediction of a sample with an: 

(a) diameter of 1 mm lubricated sample, (b) diameter of 1 mm without lubrication, (c) diameter of 4 mm without 

lubrication 

 

7. Conclusion  

In this paper, the results of the effect of size and lubrication conditions on the copper microcylinder 

have been investigated. The results show that: 

1) Flow stress size effect occurred in scaled-down cylinder compression whether using a lubricant or 

not. The yield strength decreased by about 30 MPa as the specimen size decreased from 8 mm to 1 

mm. This can be explained by the dislocations in the specimens. 

2) Tribology size effect occurred in scaled-down cylinder compression in the case of lubrication with 

oil. The friction factor increased by about 0.11 as the specimen size decreased from 8 mm to 1 mm. 

However, the tribology size effect is not found in the case without lubrication. This can be explained 

by the fraction of the real contact area under deformation. 
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