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PREFACE 

 
It is fundamental to prosper the country. With the increasingly pressure of world 

population, resource，environment and so on today, Chinese manufacture corporations, 

especially equipment manufactures, encounter severe challenge. Functional 

Manufacturing Technologies, as a nuclear part of equipment manufactures being 

developed greatly, are playing a more and more important role. 

The special volumes are to communicate the latest progress and research results of 

new theory, new technology, method, equipment and so on in advanced 

manufacturing technology field, and to grasp the updated technological and research 

trends in international, which will drive international communication and cooperation 

of production, education and research in this field.  

The major topics covered by the special volumes include Anti-fatigue Design and 

Anti-fatigue Manufacturing, Manufacturing System and Reliability, Processing 

detection and monitoring-controlling, CIMS and management system, Production 

system mould and Simulation technology, Quality Control of Manufacturing Systems, 

Agile Manufacturing, Finite Element Analysis and structure optimization, Digital 

manufacturing and Robotics, Rapid prototyping technology, Reverse engineering 

technology, High-speed (Ultra high speed) precise cutting technology, Ultra precise 

processing technology, Micro machining technology, Pattern recognition technology, 

Image processing technology, Sensor and signal detection technology, Non traditional 

machining technology, Mine equipment manufacturing and technology, Advanced 

Manufacturing System and Technologies and so on. 
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Effect of Rare Earth Ce on Casting Properties of Al-4.5Cu Alloy 
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Abstract. The effects of adding rare earth Cerium on Al-4.5Cu alloy microstructure, solidification 

range and volume changes in the solidification process are researched. Experiments show that rare 

earth Cerium will bring remarkable effects on the alloy microstructure, solidification and 

solidification shrinkage interval. When the quantity of rare earth Cerium is about 4 wt%, the 

solid-liquid two phase of Al-4.5Cu alloy will range from 640℃ to 600℃. The grains of the alloy are 

refined, round. The volume shrinkage is only 68.6% of that without adding rare earth Cerium. 

Introduction 

With the rapid development of aerospace technology, the requirement of materials with higher 

strength and better fracture toughness, stress corrosion resistance and fatigue properties becomes 

more and more strongly [1]. Cast aluminum alloy are widely used in various industries because of its 

advantages such as low density, high specific strength, easy processing, economic and so on [2,3]. A 

large number of studies have shown that it can narrow solidification temperature range, increase the 

intensity and plasticity of hot brittle zone, and refine the grains by adding microelements in 

aluminum-copper alloy [4-7]. To some extent, it can improve the whole mechanical properties of cast 

aluminum alloy greatly. Thermal fatigue properties, mechanical behavior of the alloy during 

solidification and the grain boundary state is closely related to the solidification process of alloy 

[8-9]. 

Al-4.5Cu is the matrix of casting Al-Cu system alloy. In this article, in order to improve the quality 

of alloy castings, the effects of rare earth Ce on the Al-4.5Cu solidification range, solidification 

volume change and the cast microstructure have been researched by adding rare earth Ce in Al-4.5Cu 

alloy. 

Experimental Procedures 

Experimental Equipments. (1) Melting pot: Experimental use of graphite crucible and the box-type 

resistance furnace, the model of box-type resistance furnace is SX2-4-10, and its parameters are as 

below: voltage 220V, power 10kw, maximum working temperature 1000℃, and the normal working 

temperature 950℃. 

(2) Temperature control: The temperature controller is KSW-8D-13, its operating parameters are: 

error of 1%, with K series of 101-type thermocouple, measuring range of 0-1200℃. 

(3) Temperature remelting furnace: A furnace tube is used in the experiment. 

(4) Data collection: Using the Advantech data acquisition module, with K-type thermocouple, 

temperature range of 0-1100℃. 

(5) Mechanical balance: with an accuracy of 0.1mg. 

(6) Analysis gauges: with an accuracy of 0.1ml. 

Experiment. Material: aluminum ingot (mass content of impurities less than 0.1%), copper ingot 

(mass content of impurities less than 0.1%), rare earth Ce (mass content of impurities less than 

0.1%).Put aluminum ingot into the box-type resistance furnace for smelting (using graphite crucible), 

and add a certain amount of copper into graphite crucible to prepare Al-4.5Cu alloy. Then join the 

rare earth Ce to prepare three kinds of Al-4.5Cu alloy with Ce content (mass percentage) was 0%, 1% 
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and 4% respectively. Exclude the gas of the prepared alloy composition and refine them, about 10min 

later, pour it to the slope water-cooled copper mold for casting at 700℃ respectively. Take the 

samples at the same location after air-cooled. Grind the samples with 600#, 1000# sandpaper, and 

then polish it on the polisher. Finally, observe its microstructure after corroding the metallographic 

specimens with 0.5% HF acid solution. 

In order to test the effects of different rare earth Ce content on the Al-4.5Cu solidification range, 

pour the prepared three kinds of alloy composition into the stainless steel graphite mold, and put the 

stainless steel graphite mold into a tube furnace with a temperature of 680℃ then cool it with furnace. 

Record the temperature change throughout the solidification process with data acquisition module 

and draw the solidification curve. 

To analyze the effects of different rare earth Ce content on the volume shrinkage of Al-4.5Cu alloy 

solidification process, pour the prepared three kinds of alloy composition at 700℃ into the mold with 

a cavity volume of 60ml, and then cool them with the air. Weigh their mass and measure their volume 

after the samples have been cooled to the room temperature. 

Results and Discussion 

Fig.1 shows the Al-Cu binary phase diagram. There is L → α (Al) + Al2Cu binary eutectic reaction in 

the Al-rich side of the phase diagram. The limit of solubility of Cu in α(Al) is 5.7%, but as the 

temperature drops, the solubility of Cu in α (Al) decreases. Al-Cu alloy is an alloy which can be 

strengthened by heat treatment. Al-Cu alloy has high mechanical properties in the quench aging state.  

 

 
Fig.1 Al-Cu binary phase diagram 

 

Effects of Ce Content on Al-4.5Cu Alloy Solidification Range. Fig.2 shows the solidification 

curves of Al-4.5Cu alloy when the adding amount of rare earth Ce was 0%, 1% and 4% respectively. 

When Ce addition is 0%, the alloy solidified from 650℃(beginning) to 540 C°  (ending), and the 

eutectic reaction occurred, then solidification nearly ended. When the rare earth Ce addition is 1%, 

the alloy started to solidify at 644 C° , and finished solidification at 542 C° . When the rare earth Ce 

addition is 4%, the alloy started to solidify at 639 C° , and finished solidification at 600 C° . By 

comparing the results above, Al-4.5Cu alloy solidification range can be changed by adding rare-earth 

Ce. The two-phase interval of the Al-4.5Cu alloy was 650 C° -540 C°  when no Ce was appended and 

it will narrow when some Ce was increased. When the rare earth Ce addition amounted to 4%, an 

abrupt change occurred, the two-phase range was 639 C° -600 C° , and the whole solidification time 

was also significantly reduced. Al-Cu alloy is a kind of high-strength heat-resistant alloys early used, 

The application of Al-Cu alloy has been greatly hampered because of its wide crystal solidification 

range, alloy solidification process prone to hot cracking, porosity and segregation defects, etc. 

Adding Ce content of 4% makes Al-4.5Cu alloy solid-liquid temperature range is only 39 C° , which 
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improve the casting properties of the alloy, and will broaden the scope of application of Al-4.5Cu 

alloys. 

 

 
Fig.2 Solidification curve of Al-4.5Cu alloy 

 

 
Fig.3 Microstructure of different content of Cerium 

 

Effects of Ce Content on Al-4.5Cu Alloy Casting Microstructure. Fig.3 shows the 

metallographic microstructure of Al-4.5Cu alloy with the slope water-cooled copper mold casting at 

700 C°  when Ce addition amount was 0%, 1% and 4% respectively. As can be seen from Fig.3, Fig.3 

a) shows the microstructure of Al-4.5Cu alloy with no rare earth Ce addition, its grains was coarse, 

with well-developed dendrite, grain boundaries blurred. While its dendrite trend has been markedly 

inhibited when adding some rare earth Ce addition, with a larger number of primary α-Al phase 

grains, and its grain was small, round, and distributed evenly. Comparing Fig.3(a),(b)and(c), the 

microstructure of Al-4.5Cu alloy became smaller and more round with the amount of Ce increased, 

while the content was around 4%, the alloy showed the best morphology. The addition of rare Earth 

Ce, made Al-4.5Cu alloy microstructure refine and round. It is conducive to strengthen the shrinkage 

process of the metal in the latter part of the process of alloy solidification, to increase the mobility of 

the alloy, and to improve the quality of the casting alloy, which can be used in a number of complex 

shape and special use requirements of the parts. 

 

Table 1 Solidification parameters at different Ce addition 

Alloy name Cavity volume 

/ml 

volume of sample 

/ml 

Quality of sample 

/g 

Al-4.5Cu 60 54.2 147.2 

Al-4.5Cu-1Ce 60 55.3 150.5 

Al-4.5Cu-4Ce 60 56.2 153.1 

Effects of Ce Content on Al-4.5Cu Alloy Solidification Shrinkage. Table 1 shows the 

solidification parameters of Al-4.5Cu alloy pouring at 700 C°  with Ce addition amount of 0%, 1% 

and 4% respectively. In order to ensure the datum were accurate, stable and reliable enough, the 

datum in the table were the average values after 10 times’ trial. It can be seen that the addition of 
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rare-earth Ce had significantly improved the volume shrinkage of Al-4.5Cu alloy in solidification 

process. With the addition amount of Ce increases, the volume shrinkage of the alloy decreases 

gradually. When the addition amount rises to 4%, the volume shrinkage is only 68.6% of that of no 

rare-earth Ce addition. This will help reduce the solidification shrinkage of Al-4.5Cu alloy in cast 

solidification processing, reduce the feeding, and increase the performance and quality of casting 

alloys. 

Conclusions 

(1) It will narrow the solid-liquid two-phase range to 639℃-600℃ by adding rare-earth Ce about 4 

mass% into Al-4.5Cu alloy. 

(2) It will refine the microstructure by adding rare-earth Ce into Al-4.5Cu alloy. 

(3) It will reduce the volume shrinkage of Al-4.5Cu alloy in solidification processing by adding 

rare-earth Ce into Al-4.5Cu alloy. 
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Simulation and Experimental Investigations of Fiber Diameter of 
Spunbonding Nonwovens by Means of the Air Jet Flow Field Model 
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Abstract. The air jet flow field models of spunbonding process are founded. It is simulated by means 

of the finite difference method. The numerical simulation computation results of distributions of the 

air velocity match quite well with the experimental data. The air drawing model of polymer is solved 

with the help of the distributions of the air velocity measured by a particle image velocimetry. The 

predicted filament fiber diameter agrees with the experimental data well.  

Introduction 

Spunbonding process is used commercially as a single-step technology for converting polymer resin 

into nonwoven web, which dates back to 1950
’
s [1]. In spunbonding process, a molten stream of 

polymer is extruded from the screw extruder and rapidly attenuated into filament fiber using 

aerodynamic device with the aid of high-velocity cool air stream. The fiber diameter is strongly 

affected by the air drawing model and the model of the air jet flow field. Earlier researchers have been 

studying the air drawing models of polymer spunbonding process, especially Spruiell J. E. and 

coworkers [1-4]. However, the reported air drawing model was quite elementary, all these models 

mentioned above were not based on using analytical and numerical methods. Moreover, there is not 

any literature regarding the study of the air drawing model of polymer and the model of the air jet 

flow field, which strongly affects the fiber diameter and web performance of spunbonding nonwoven. 

In this paper, we established the air drawing model of polymer in spunbonding process which based 

on numerical simulation computation results of the air jet flow field, and we adopt the finite 

difference method to simulate the air jet flow field. The fiber diameter can be predicted with the aid of 

air drawing model established. We also investigate the effects of process parameters such as the air 

initial temperature and the air initial velocity on fiber diameter and verify the model reliability of 

these relationships. 

 

 

Fig.1 The flat narrow slot passage of drafting assembly in spunbonding process 

Numerical Simulation of the Air Flow Field Mathematical Model in Spunbonding Process 

The flat narrow slot passage of drafting assembly shown in Fig.1 is used to yield nonwoven fabrics in 

a spunbonding process where a molten stream of polymer is extruded from the screw extruder and 

rapidly attenuated into filament fiber using aerodynamic device with the aid of high-velocity cool air 

stream. Because the fiber diameter of spunbonding process is intensely affected by the air jet flow 

h1 h2 
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f 
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Polymer melt 
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field, in this paper, we established a model of air jet flow field to simulate the flow field and solved 

numerically via the finite difference method. The distributions of the centreline x-component of air 

velocity along the x-axis are demonstrated. 

The Air Flow Field Theoretical Model of Spunbonding Process. The air flow field of 

spunbonding process is considered to be a steady and viscous flow. The flow field is assumed to be 

two-dimensional. As k-ε model is the most widely used turbulence model in engineering 

computations in the case of high reynolds numbers. The air flow field of model consists of a 

continuity equation, a momentum equation, an energy equation, a constitutive equation, and a 

crystallization kinetics equation, a turbulent kinetic energy equation and a turbulent dissipation rate 

equation [5]. In this paper, we adopted k-ε standard model for computation. Below are some of the 

details, values of the constants of standard k-ε model are 1C ε =1.44, 2C ε =1.92, uC =0.09[6].The 

turbulent prandtl numbers are as follows： kσ =1.0, εσ =1.3, Prt=1.0, tσ =0.9[2], where σt , σk and σε 

are prandtl numbers of turbulence, turbulent kinetic energy and turbulent dissipation rate, 

respectively. 

Continuity equation 

( ) ( )
0

u v

x y

ρ ρ∂ ∂
+ =

∂ ∂
                                                                                                                                    (1) 

Where ρ is air density, u is the x-component of the air velocity, v is the y-component of the air 

velocity. 

Momentum equation in z direction 

( ) ( )
2 ( ) ( )t t u

uu uv u u v p
S

x y x x y y x x

ρ ρ
µ µ µ µ

 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ = + + + + − + ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

                                             (2) 

Here, 
2

t u

k
Cµ ρ

ε
=  

Momentum equation in y direction 

( ) ( )
( ) 2 ( )t t v

vu vv u v v p
S

x y x y x y y y

ρ ρ
µ µ µ µ

 ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂
+ = + + + + − + ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

                                         (3) 

Here, µ υρ= , t tµ υ ρ=  

Where, P is the pressure of the air, ρ the density of the air, aυ the kinematic viscosity coefficient of 

the air, tυ the turbulent viscosity coefficient of the air, µ the kinematic viscosity of the air, tµ the 

turbulent viscosity of the air. 

Energy equation 

( ) ( ) t t

t t

uT vT T T

x y x x y y

µ µρ ρ
µ µ

σ σ

      ∂ ∂ ∂ ∂ ∂ ∂
+ = + + +      

∂ ∂ ∂ ∂ ∂ ∂      
                                                              (4) 

Where, tσ is the Prandtl number of turbulence. 

Turbulent kinetic energy equation 

 
( ) ( ) t t

k

k k

ku kv k k
G

x y x x y y

µ µρ ρ
µ µ ρε

σ σ

      ∂ ∂ ∂ ∂ ∂ ∂
+ = + + + + −      

∂ ∂ ∂ ∂ ∂ ∂      
 

6 Frontier in Functional Manufacturing Technologies



 

 

Here, 
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                                                                               (5) 

Where, εσ is prandtl number of the dissipation rate of turbulent kinetic energy, kσ is prandtl. Number 

of turbulent kinetic energy, tσ is prandtl number of turbulence, ε the turbulent dissipation rate of air, 

k the turbulent kinetic energy of air. 

Equation of dissipation rate of turbulent kinetic energy 

2

1
2

( ) ( ) t t
k

Cu v
G C

x y x x y y k k

ε
ε

ε ε

µ µ ερε ρε ε ε ε
µ µ ρ

σ σ

      ∂ ∂ ∂ ∂ ∂ ∂
+ = + + + + −      

∂ ∂ ∂ ∂ ∂ ∂      
                          (6)  

Where εσ is prandtl number of dissipation rate of turbulent kinetic energy, Cu , 1Cε  and 2Cε are the 

constants of turbulent model, respectively. 

Boundary Conditions of the Air Flow Field Model. As the flow field is symmetrical along the 

system centreline. So, the plane is chosen as the computation area, the following boundary conditions 

correlation is introduced. 

(1)The conditions of upstream sections with the inlet are. 

0u u= ， 0v v= ， 0T T= ，
23

( )
2

avgk u I= ， 

3
3 2
4
u

k
C

l
ε = ， 0.07l L=                                              (7) 

Where 0u is the x-component of the initial air velocity, 0v the y-component of the initial air velocity, 

0T the initial air temperature, uC =0.09, avgu is inlet average velocity, I is turbulent intensity of air, 

L is inlet characteristic dimension. 

(2)The conditions of the wall sections are 

u =0，v=0， WT T=                                                                                                                      (8) 

(3)The centerline condition (x direction) are  

0
u

y

∂
=

∂
, 0
T

y

∂
=

∂
, v=0                                                                                                                                (9) 

(4) The outer boundaries condition (y direction) is  

0
u v k T

x x x x x

ε∂ ∂ ∂ ∂ ∂
= = = = =

∂ ∂ ∂ ∂ ∂
                                                                                                                  (10) 

Numerical Methods for Solving the Air Flow Field Model. The air flow field model is solved 

numerically with the finite difference method. The preferred difference scheme for space independent 

variables is the second-order upwind difference scheme and the TDMA method is used to solve the 

difference equations. The SIMPLE algorithm is utilized to solve the problem of the velocity-pressure 

coupling. The staggered grid is adopted to avoid the tooth-like distributions of the velocity and 

pressure.  

Comparison of Theoretical Results with Experimental Data. In order to testify the air flow 

field model, we measured and predicted the effects of spunbonding process parameters on fiber 

diameter. A particle image velocimetry (PIV-2100), produced by Denmark Dantec Inc. are utilized to 

measure the air velocity. In the application of PIV-2100, the air was seeded with oil soot (lampblack) 

aerosol particles in order for the laser light to be scattered and measured. Experiments are carried out 

on the flow field of spunbonding. The initial air velocity is 15m/s. The initial air temperature is kept 

unalterable in the measurements. 
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The distributions of the centreline x-component of air velocity along the x-axis are demonstrated 

in Fig.2.The experiment data are represented by dots, it was found that the theoretical (numerical) 

results obtained with the model match well with the experimental data. 

Effects of Spunbonding Processing Parameters on Filament Fiber Diameter  

The Relationship between the Initial Air temperature and Fiber Diameter. Fig.2 shows the 

effect of the air initial temperature on fiber diameter which changing with the polymer melt 

temperature. The initial air temperature is 4.4, 15.6 and 26.8℃, in turn from top to bottom. As can be 

seen, the higher initial air temperature, the finer fiber diameter will be. This is primarily due to the 

fact that the initial air temperature increased firstly, the air drawing force increased and the degree of 

drawing increased which yield a finer fiber diameter. Secondly, when initial air temperature 

increased, the filament fiber cooled more slowly along the spinline, the drawing (tensile) time of 

polymer extended (lengthened) which result in a finer fiber diameter, Thirdly, when the initial air 

temperature increased, the viscosity and stress decreased which produce a finer fiber diameter. 

The Relationship between the Initial Air Velocity and Fiber Diameter. Fig.3 gives the air 

initial velocity on fiber diameter which changing with the polymer melt temperature. The initial air 

velocity of 100,150 and 250 m/s are considered. As the Fig. 4 shows, the higher initial air velocity are, 

the finer fiber diameters are. This is mainly attributed to the fact that the air initial velocity increased, 

the air drawing force increased and the degree of drawing increased which yield a finer fiber 

diameter. 

 

  
Fig.2 Distributions of centerline X-component 

of the air velocity along the x-axis 

Fig.3 Effects of air initial temperature on the 

fiber diameter 

  

 
Fig.4 Effects of air initial velocity on the fiber diameter 

Conclusions 

The air jet flow field models of polymer in spunbonding process are founded. We numerically 

simulated the air jet field model with the finite difference method. Computation results of the 

distributions of the x-components of air velocity along the spinline during spunbonding process are in 

accord with the experimental data well. The newly developed formulas are introduced into 

spunbonding air drawing model to predict the fiber diameter. The predicted results coincide well with 
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the actually measured data, which reveal that these models are accurate and also show this area of 

research has great potential in the field of computer assisted design in spunbonding nonwoven 

process and technology. 
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Abstract. The bipolar plate is the key part in the fuel cell. It is difficult to produce the micro flow 

channel of bipolar plates with high accuracy. In order to solve this problem, we present one new 

forming techniques, accumulative forming, for the fabrication of micro flow channels. With the 

utilization of the software ABAQUS, finite element model of the bipolar plate with the 

20mm×20mm×0.2mm is developed to simulate the accumulative forming and obtain the forming 

rules. The simulation results are about the plate’s thickness change and deformation. It shows that the 

thickness reduction decreases gradually from the center of the channel to the outside with the 

maximal magnitude in the starting point of accumulative forming. The maximum thinning ratio is 

15.85%, which is in the forming limit scope. The simulation demonstrates the feasibility of the 

accumulative forming and good formability.  

Introduction 

Fuel cells will be the fourth-generation electric power equipment and the alternative of combustion 

engine as it has the advantages over the water power, firepower and nuclear energy. The fuel cell is 

composed of anode, cathode and ionic conductive electrolyte, which is an energy-transforming device 

that directly transforms chemical energy of hydrogen or hydrogenous fuel and oxidant into electric 

energy. With the sustainable fuel feed, the current supply of fuel cell will never stop. Besides, the final 

reactant of fuel cell is pollution-free water or small amount of carbon dioxide
 [1]
. 

PEMFC (Proton exchange membrane fuel cells) is one kind of fuel cells that takes solid proton 

exchange membrane as electrolyte. PEMFC has some characteristics including quick start at low 

temperature, zero emissions, so it is considered as the best power candidate for electric car, submarine 

and some portable power supply
 [2]
. The bipolar plate, which influences not only the cell stack 

performance but also the stack cost, is a vital component of PEMFC. Bipolar plates has the functions 

of isolating and uniformly allocating reacting gas, collecting the current, mechanical support, 

hydro-thermal management, connecting single battery. As metal material has high mechanical 

strength, better electrical and temperature conductivity, it can reduce thickness of bipolar plate 

significantly with the result of specific power increase of PEMFC. Therefore, the design and process 

of bipolar plates play an important pole in the performance, efficiency, and the cost of PEMFC. When 

the size of the flow field of bipolar plates is minimized to micrometer scale, the scale effects occur 

inevitably. Therefore, it is very important to develop the mass production technology of metal bipolar 

plate at low cost. This paper presents a new forming techniques, accumulative forming, for the 

fabrication of the bipolar plate. Numerical simulation is carried out to verify the feasibility of 

accumulative forming. 

Accumulative Sheet Forming Process  

Mechanism of Accumulative Forming. Accumulative forming system shown in Fig.1 comprises the 

precision CNC (Computer Numerical Control) device 1, forming tool 2, blank holder 3, supporter 6 
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and sheet 7. First, the sheet metal with the appropriate dimensions is positioned on the supporter 6 and 

fixed by the blank holder 3. The diameter of forming tool 2 is the same as the flow channel’s span, and 

its stroke of forming tool is the depth of flow channel. Forming tool goes down to reach the channel 

depth, then the tool travels according to the pathway of flow channels under the control of NC 

program. In this way, the whole flow channels of the bipolar plates for gas reaction can be obtained.  

The accumulative forming is one method for shape the sheet through accumulative plastic 

deformation forming with the control of the tool movement. In accumulative forming process, the 

influencing factors are complicated. The current finite element simulation has become an effective 

tool to evaluate the performance of sheet metal forming process and the mould design. The 

accumulative forming is simulated by finite element software ABAQUS to obtain the forming rules 

and demonstrate its validity. 

 

 
Fig.1 The schematic diagram of accumulative forming system 

Accumulative Forming Model for Finite Element Analysis 

Finite Element Model. ABAQUS is the finite element codes developed by the HKS Inc, which is 

widely used in different domain. The material of the bipolar plate is copper H62, the size is 

40mm×40mm×0.2mm. The actual size of forming region is 20mm×20mm because of the blank 

holder occupy. The material of forming tool, which is treated as rigid body, is 40Cr. The material 

parameters are shown in Table 1. 

 

Table 1   Material parameters 

 Forming tool  Bipolar plate  

Material 40Cr Copper H62(Y2) 

Density /kg.m-3 7820 8920 

Elastic modulus/MPa 211000 1.19E+11 

Poisson’s ratio 0.30 0.33 

According to the finite element model of accumulative forming, four-node explicit shell element is 

selected for analysis. The model is composed of forming tool, blank holder, plate and die, as shown in 

Fig.2. Through imposing the fixed boundary conditions by the cavity die and blank holder, we can 

achieve the compression on the sheet. So it is easy to form without affecting the plate’s material flow 

in the axial. 

 

Fig.2 Finite element model of bipolar plates in accumulative forming 

 

In the forming process, the force applied on the plate is passed through the contact between the 

metal sheet and the forming tool. Because contact type between the sheet and the forming tool is the 

Forming 

tool 
plate 

Blank holder 
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point contact, the accumulative forming process is more complex than the traditional one and the 

convergence impact of the calculation is greater. The choice of the contact type is very important. 

According to moving characteristics of the forming tool, we choose face-face contact type. In the 

contact analysis, due to the complexity of the problem, it is hard to determine the direction of the 

contact. We choose the automatic contact type, in which the target surface and the contact surface are 

arbitrarily
 [3]
. 

 The Sets of Punch Movement Path. Straight channel structure is more common, while the 

serpentine multi-channel has a lot of flexibility that can change the number and length of flow 

channels according to different needs with no change in the area and shape of the flow plate [4]. 

 

 
Fig. 3 Serpentine flow field of single-channel 

 

As the simulation is performed to verify the feasibility of accumulative forming, the FE model of 

the serpentine single-channel is developed to reduce the time and cost of the calculation. According to 

the flow field structure of the bipolar plate, we use the NC program to control the pathway of the 

forming tool that is in accordance with the centerline of flow channels. As shown in Fig.3, the 

forming tool moves in the preset path from starting point 1 to the terminal point 2 in one-time to 

complete the forming process of flow channels of the bipolar plate. 

The Analysis Result and Discussion 

Contours of the section thickness (STH) of the bipolar plate from FEM simulation are shown in Fig. 

4. The following observations can be made from Fig. 4. 

 

Fig. 4 Section thickness of the bipolar plate in accumulative forming 

 

The STH contours are in the form of oval. The thickness thinning along the centerline of the 

channel is greater than the outside, and thinning decrease gradually from the channel centerline to the 

outside. About one tenth of the distance away from channel centerline, no thinning occurs. Actually, 

this phenomenon is in accordance with Saint-Venant principle.  

1 

2 
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The maximum thickness thinning appears in the starting point of accumulative forming. The 

thickness changes uniformly in the remaining regions of the plate. In fact, during the accumulative 

forming, the forming tool will stay in the starting point for seconds to maintain pressure before 

moving to the next step. However, the forming is performed continuously without pressure 

maintaining between two steps in actual simulation, so the thickness thinning reaches the maximum 

in the starting point of flow channel. 

According to the failure criteria, the thinning ratio is controlled under the 25%-30% to avoid the 

failure in the sheet metal forming. According to the Fig.4, we can find that the largest thickness 

reduction is 0.03175 mm and the largest thinning rate is 15.85%. So this accumulative forming 

method is feasible for bipolar plate fabrication. 

Summary 

One new forming technique for bipolar plate, accumulative forming, is initialized. In this new 

approach, forming tool with the same profile as the flow channel of the bipolar plate goes straight in 

the stroke to reach the channel depth, then the tool travels according to the pathway of flow channels 

under the control of NC program to form the whole channels. FEM is an effective method to evaluate 

the performance and formability of process. Therefore, finite element model of the plate with the size 

20mm×20mm×0.2mm is developed and simulated. The simulation results of the section thickness 

show, that thickness reduction decreases gradually from the center of the channel to the outside with 

the maximal magnitude in the starting point of accumulative forming. The maximum thinning ratio is 

15.85%, ensuring the good formability. It also demonstrates the feasibility of the accumulative 

forming. 
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Abstract. A novel red emitting phosphor, Ca2SnO4: Eu3+, was prepared by the low temperature solid 

state reaction. X-ray powder diffraction (XRD) analysis confirmed the formation of Ca2SnO4: Eu3+. 

Scanning electron-microscopy (SEM) observation indicated a narrow size distribution of about 500 

nm for the particles with spherical shape. Under 396 nm excitation, the Ca2SnO4: Eu3+ phosphor 

exhibits novel red emission at about 613 nm which is assigned to the 5D0→7F2 electric-dipole 

transition. Furthermore, the emission transition 5D0→7F2 has been found to be more prominent over 

the normal orange emission transition 5D0→7F1. 

Introduction 

The efficiency of phosphor has been advanced by both a new host material and improved synthetic 

technique [1]. The luminescent properties of phosphors are strongly dependent on the crystal 

structure of host materials. The luminescence behaviors of the Eu
3+

 activator have been extensively 

studied by many researchers [2,3,4]. According to the reports, the emission of Eu
3+

 activator depends 

on the crystal environment. The 5D0 → 7F1 transition Eu
3+

 ion gives an orange emission by forming a 

centro-symmetrical environment for Eu
3+

 ions, while the 5D0 → 7F2 transition Eu
3+

 ion exhibits a red 

emission by forming a non centro-symmetrical environment for Eu
3+

 ions. 

Calcium stannate (Ca2SnO4) has been a good candidate for a wide range of applications. The host 

material of novel emitting phosphor, Ca2SnO4 has been studied by some researchers [5, 6]. 

However, there is still relatively limited amount of research available on the sintering behavior of 

Ca - Sn - O system, especially, according to the reports, the product Ca2SnO4 was formed above 

1200°C. In the present work it was attempted to prepare Ca2SnO4: Eu
3+

 phosphors by the low 

temperature solid state reaction and investigate their luminescent properties under UV excitation. 

Experimental 

A.R. grade of Sn, Ca(NO3)2 · 4H2O, and HNO3. Eu2O3 (99.99 %) was purchased from Shanghai 

Yuelong New Materials Corporation. Eu (NO3)3 was prepared by dissolving 0.2 mmol Eu2O3 in nitric 

acid (63- 65%) and then evaporating the solvent in crucible. A two - step method was employed for 

the Ca2SnO4:Eu3+ powders preparation including the synthesis of H2SnO3 and then converts it into 

Ca2SnO4 by calcination to obtain Ca2SnO4: Eu
3+ powders. 

In a typical synthesis of H2SnO3, Sn was prepared by dissolving in nitric acid (63-65%) and then 

evaporating the solvent in crucible, in the crucible experiments have repeatedly done to ensure the 

complete reaction of Sn. the reaction equation as follows: 

Sn + 4 HNO3 → H2SnO3 ↓ + 4 NO2 ↑ + H2O 
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A typical experimental procedure for the synthesis of Ca2SnO4: Eu3+ powders are as follows. In 

the as - prepared Eu (NO3)3 crucible, 0.005 mol the as – prepared H2SnO3 was fed with 0.01 mol of 

Ca(NO3)2 · 4H2O, the mixture was continually ground at room temperature, After 10 min of grinding, 

4 ml deionized water was added to the above mixture. Under continuous stirring and heating at about 

80 °C, as water evaporated, the solution became viscous and finally formed a gel. Subsequently, the 

gel was dried at 100 °C for 4 h to yield a xerogel. The obtained xerogel was placed into a furnace 

preheated to a definite temperature (740 °C) and calcined for 40 min.  

X-ray diffraction (XRD) patterns were measured using a BRUKERD8 FOCUS with Cu Kα 

radiation (λ=0.15418 nm), at a scanning rate of 4.0°·min
-1

. PL emission/excitation spectra were 

measured using an F - 4500 fluorescence spectrometer (Hitachi). The sizes and morphologies of the 

as-synthesized samples were studied by KYKY2AMARY21000B scanning electron microscope 

(SEM). Fourier transform infrared spectroscopy (FTIR, AVATAR370) were used to measure 

phosphors powder with the KBr pellet technique. All the measurements were carried out at room 

temperature. 

Results and Discussion 

XRD was used to examine the crystal structure and phase purity of the products and the typical XRD 

patterns of the 0.01 mol of Ca (NO3)2 · 4H2O co-doped synthesized Ca2SnO4: Eu3+ samples are 

shown in Fig.1. All mainly reflections in the patterns corresponding to orthorhombic crystal system 

structure Ca2SnO4, and this observation indicates that the mainly phase of Ca2SnO4 was completed by 

the low temperature (at 740 °C) solid state reaction, this may be ascribed to the synthesis of H2SnO3 

and effects of low temperature solid-state reaction. 

Fig. 2 shows the FTIR spectra of co-doped synthesized Ca2SnO4: Eu3+ samples. The absorption at 

3430 cm
-1

 indicates the presence of hydroxyl-groups, which is probably due to the fact that the 

spectra were not recorded in situ and some water readsorption from the ambient atmosphere has 

occurred. The IR spectrum of the sample had distinct absorption peaks at 660, and 880 cm
-1

 relating 

to Ca2SnO4, this implied that the crystalline Ca2SnO4 was obtained at 740 °C low temperature. 

 

  
Fig. 1. XRD patterns of the as-prepared 

Ca2SnO4 : Eu3+
 

Fig. 2. FTIR spectra of the as-prepared 

Ca2SnO4 : Eu3+ 

 

The morphologies of as-obtained co-doped synthesized Ca2SnO4: Eu
3+

 samples are examined with 

scanning electron microscopic (SEM). Fig.3 shows a typical SEM image of products obtained 

codopes. It is obvious that the 0.01 mol of Ca (NO3)2 · 4H2O co-doped synthesized Ca2SnO4: Eu
3+

 

exhibits spherical -like morphology and the particle size is distributed uniformly in 1 µm. 

Fig.4 presents excitation and emission spectra of Ca2SnO4: Eu3+: Eu
3+

 samples. From Fig. 4a, the 

excitation spectra of Ca2SnO4: Eu
3+

 under 613 nm emission. The excitation spectra show broad 

Eu3+ - O2- charge transfer (CT) absorption bands in the range of 232.6 - 358.4 nm, the peak of CT is 
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at 287.0 nm. The sharp lines in the spectra range from 300 to 500 nm correspond to direct excitation 

of the Eu
3+

 ground state to higher levels of the 4f-manifold, wavelength range 300- 500 nm, including 

7F0 → 5D4 (363 nm), 7F0 → 5L7 (378, and 383 nm), 7F0 → 5L6 (396 nm), 7F0 → 5D3 (417 nm), 

7F0→ 5D2 (466 nm), the most intense transition excitation line located at 396 nm (7F0 → 5L6). Thus, 

emission spectra are presented upon the excitation at 396 nm. As is shown in Fig. 4b, the emission 

spectra of Ca
2
SnO4: Eu3+ under 396 nm excitation consist of several bands, the following emission 

transitions have been observed: 5D0 → 7F1 (580, 591 and 597 nm), 5D0 → 7F2 (613 nm), 

5D0 → 7F3 (654 nm), and 5D0 → 7F4 (695, and 700 nm). The transitions are found to be split into 

components depending upon the host matrix. The phosphors exhibit red color under UV-source due 

to the most intense emission transition 5D0 → 7F2 (electric dipole line), which indicates a non 

center-symmetrical environment for Eu
3+

 ions. The larger 5D0 → 7F2 / 5D0 → 7F1 intensity ratio 

indicates that the point symmetry of Eu
3+

 site is closer to an inversion center, and at the same time, the 

plausible explanation to the much larger 5D0 → 7F2 / 5D0 → 7F1 intensity ratio is that Ca2SnO4 has an 

orthorhombic crystal system structure with low symmetry, when Eu
3+

 ions are doped in the Ca2SnO4 

host, according to regulations of radius, Eu
3+

 (0.101 nm), Ca
2+

 (0.099 nm), Sn
4+

 (0.071 nm), 

Eu
3+

 could occupy Ca
2+

 sites, thus, the excellent red emission transition 5D0 → 7F2 has been found to 

be more prominent for Eu
3+

 ions 

 

 
Fig.3 SEM images of the as-prepared Ca2SnO4 : Eu3+ 

 

 
Fig. 4. spectrum of the as-prepared Ca2SnO4: Eu

3+
: 

 (a) excitation (em = 615 nm);  (b) emission (ex = 395 nm) 

Conclusions 

In summary, a novel red phosphor Ca2SnO4: Eu
3+

 has been synthesized by low temperature solid state 

reaction. The mainly phase of Ca2SnO4: Eu
3+

 phosphor is formed by sintering at 740 °C, the SEM 

results indicates morphology is regular. Two dominant bands of Eu
3+

 ions, which corresponding to 
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transitions of 5D0 → 7F1 (orange), 5D0 → 7F2 (red), transition 5D0 → 7F2 (electric dipole line), were 

prominent in the emission spectra indicating a non - centro symmetrical environment for Eu
3+

 ions.  

In summary, a novel red phosphor Mg2SnO4: Eu has been synthesized by low temperature solid state 

reaction. The mainly phase of Mg2SnO4: Eu phosphor is formed by firing at 740°C, the SEM results 

indicates morphology is regular. Two dominant bands of Eu
3+

 ions, which corresponding to 

transitions of 5D0 → 7F1 (orange), 5D0 → 7F2 (red),  transition 5D0 → 7F2 (electric dipole line ), were 

prominent in the emission spectra indicating a non centro – symmetrical environment for Eu
3+

 ions.  
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Abstract. According to liquid continuity theory and the dynamic equilibrium conditions, established 

a piston-type hydraulic cylinder mathematical model. Founded the simulation model in the 

SIMULINK/ MATLAB environment and solved its unit-step response based on the relation between 

load and velocity, gave the hydraulic cylinder design parameter and the medium character’s influence 

to its unit-step response, summarized the intrinsic relations between parameters and the time domain 

index, provided the theory basis to optimize the hydraulic cylinder dynamic property. The hydraulic 

cylinder load - speed dynamic performance studies have shown that this method does not require 

complicated programming, simulation models can be visually established, and can greatly shorten the 

design cycle, reduce design costs, and improve product performance. 

Introduction 

Modern hydraulic driving system is developing toward complexity, heavy-load, light-weight and 

high-speed. The dynamic behavior of hydraulic control system is gradually taken seriously and 

becomes one of the important indexes to evaluate a system’s function. It is far from enough for a 

designer who designs modern hydraulic system, if he only knows the system can drive load from one 

state to another and its static behavior. he must know the load’s movement, the system’s parameters’ 

(such as pressure, speed, displacement) variation principle through time and the system’s characters 

such as the stability of the system reaction, rapidity, accuracy, hydraulic shock , noise , and so on. 

The dynamic simulation of hydraulic system is of great importance to the analysis of the hydraulic 

system dynamic behavior，the improvement of the hydraulic design and reliability of a hydraulic 

system. MATLAB is a kind of high-level software that is a set of scientific computing, automatic 

control, signal processing and other functions with great efficiency. Meanwhile MATLAB provides a 

software package called SIMULINK, it can be easily used to the modeling, simulation and analysis of 

a dynamic system, it provides a new method to conduct the simulation research of a hydraulic circuit 

and can improve the efficiency of the design of a hydraulic system greatly. 

This paper takes piston hydraulic cylinder as an example, analyzes and establishes its 

mathematical model. This research establishes a simulation model based on SIMULINK/ MATLAB 

and gives a solution, so to find out the relations between system parameters and the dynamic 

behavior. 

Establishment of Mathematical Model of Hydraulic Cylinder 

Consider a single-acting hydraulic cylinder as Figure 1, m is the mass (kg) of the piston and the 

moving parts, F is the load of the moving parts (N). The hydraulic oil will push the piston and the 

moving parts to move along the horizontal direction when it filled into the pressure chamber. 

Continuity equation [1] can be obtained according to the theory of fluid: 
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Fig. 1 Hydraulic cylinder working diagram 
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Where, 1p is the working chamber pressure of hydraulic cylinder, MPa; q is the flow into hydraulic 

cylinders, m3/min, 1A is hydraulic cylinder piston area, m
2
; cλ is the leakage coefficient of hydraulic 

cylinder, m5/N·s; hV is the volume of hydraulic cylinder high-pressure chamber and pipes, m
3
; β  is 

the effective bulk modulus of oil, Pa. 

Hydraulic cylinder piston dynamic balance equation is: 

1 1

dv
p A m Bv F

dt
= + +                                                                                                                      (2) 

Where, B is the oil viscous damping coefficient, N/ (m/s). 

The following expressions can be obtained according to LAPLACE transform on the formula (1) 

and (2). 
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  = −                                                            (3) 

Equation (3) shows the mathematical model of Fig.1 which has transfer function form. According 

to this equation, the system block diagram [2] [3] when ( ) 0Q S = can be obtained as shown Fig. 2. 
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Fig. 2 System block diagram when ( ) 0Q S =  

 

Obviously it is a second-order system, which consists of two main parameters, non-damped 

natural frequency: 
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The following major factors which affect dynamic performance of hydraulic cylinder can be 

concluded according to equation (4) and (5).  

Hydraulic Cylinder Area A1. Larger the area, higher the system natural frequency but lower the 

system damping ratio.  

The Mass (Kg) of the Piston and the Moving Parts m. Larger the mass, lower system natural 

frequency but higher the damping ratio.  

The Volume of Hydraulic Cylinder High-pressure Chamber and Pipes hV .  Larger the 

volume, lower higher the system natural frequency but higher the system damping ratio.  

Leakage Coefficient of Hydraulic Cylinder cλ . The greater the coefficient is, the greater the 

system damping ratio is. 

Effective Bulk Modulus of Oilβ . The greater the coefficient is, the higher the damping ratio and 

the system natural frequency are. 

Solution and Establishment of Simulation Model in SIMULINK Environment [4-6]  

SIMULINK is highly integrated by MATLAB; it is a software package for dynamic system 

modeling, simulation and analysis. It not only supports continuous, discrete or a mixture of both 

linear and nonlinear systems, but also supports the system with a variety of sampling frequency. The 

main difference between SIMULINK and MATLAB is that its interaction with users is 

Windows-based graphical input, and users can put more energy into building system models rather 

than programming. In the SIMULINK environment, users can "paint" the system model only by 

mouse in the model window, and then simulate directly. SIMULINK contains many sub-model 

libraries such as SINKS (input mode), SOURCE (input source), LINEAR (linear part), 

NONLINEAR (non-linear part), CONNECTIONS (connect and interface) and EXTRA (other 

sectors), etc., and each sub - model library contains the corresponding functional blocks. Users can 

also customize and create their own modules. 

Run MATLAB software, click the SIMULINK button, then create hydraulic cylinder system 

simulation model when ( ) 0Q S = . The simulation model according to preset simulation parameters in 

Table 1 is shown in Fig.3:  

 

Table 1 Simulation parameters 

m[Kg] A1[m
2
] Vh[m

3
] λc β [N·m

-2
] B F[N] 

3000 2.125e-3 1.31e-3 1.5e-11 1.2e9 2100 500 

 

1

3000s+2100

Transfer Fcn1

1

1.0917e-12s+1.5e-11

Transfer Fcn

Sum

Step Scope

4.5156e-6

Gain1
 

Fig.3 System Simulation Model When ( ) 0Q S =  

 

In Fig. 3, Transfer Fcn is from CONTINIOUS module, and it is the part transfer function with 

incorporated parameters. Step is the unit step input signal which comes from SOURCE module. 

Scope is a virtual oscilloscope which comes from SINKS module and can observe the system time 

response. 

The system simulation results can be get as shown in Figure 4a) when select START option of 

Simulation in the SIMULINK software interface. When gradually change the system structure 
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parameters and fluid medium parameters such as A1, m, Vh, λc, and β  as shown in Table 2, the 

corresponding system unit step response can be obtained as shown in Fig. 4b), c), d), e) and f): 

 

Table 2 Hydraulic cylinder system parameter configuration table 

Curve 

Number 

Fig. a) Fig. b) Fig. c) Fig. d) Fig. e) Fig. f) 

Initial Value Change A1 Change m Change Vh Changeλc Change β  

1 Initial Value 2.1250e-3 3000 1.310e-3 1.5e-11 1.2e9 

2 Initial Value 1.0625e-3 1500 0.655e-3 1.2e-11 0.9e9 

3 Initial Value 4.2500e-3 4500 2.620e-4 2.0e-11 1.4e9 
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Fig.4  Unit Step Response of the Hydraulic Cylinder While ( ) 0=SQ  
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From the detailed simulation process and results, the relations between hydraulic cylinder system 

parameters and performance indexes in time domain when ( ) 0Q S =  can be easily found as shown in 

Table 3. 

 

Table 3 The Relations Between Hydraulic Cylinder          

System Parameters and Performance Indexes in Time Domain when ( ) 0=SQ  

Curve Number 

Fig. b) Fig. c) Fig. d) Fig. e) Fig. f) 

Aleration of 

A1 

Aleration of 

m 

Aleration of 

Vh 

Aleration 

ofλc 

Aleration of 

β  

1 
×σ 100% 191.00 60.50 38.40 11.80 11.80 

ts(s) 0.58 0.542 0.489 0.237 0.237 

2 
×σ 100% 60.50 112.00 11.80 27.40 21.60 

ts(s) 0.542 0.237 0.237 0.344 0.379 

3 
×σ 100% 459.00 38.40 81.9 0 7.76 

ts(s) 0.541 0.489 1.19 0.225 0.224 

Note: Because of the lack of space, only the overshoot ×σ 100% and the adjustment time t s are listed in the 

table above. 

Conclusions 

The paper created the simulation model of a piston-type hydraulic cylinder, gave its solution, 

obtained the relation between system parameters and performance indexes of hydraulic cylinder 

system. These will provide theoretical basis for optimal design of dynamic performance of the 

hydraulic cylinder. From the results of hydraulic cylinder dynamic simulation above, it is obvious to 

find this is an effective method to use SIMULINK. This method construct SIMULINK model easily, 

does not need complex program; it is very intuitive and user-friendly. 

The integrated SIMULINK platform based on SIMULINK/MATLAB can combine the advantage 

of hydraulic technology, control technology and computer technology, and build a supporting 

platform of collaborative R&D for the mechantronic-hydraulic integrated system. It can deal with 

modeling, analysis and optimize problems of mechantronic-hydraulic integrated system efficiently, 

economically and reliably 
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Abstract. Warm forming of magnesium alloy sheet has attracted more and more attention in recent 

years. Mechanics tension test has been made in this paper in order to study the constitutive 

relationship of ME20M magnesium alloy sheet at different temperatures and strain rates. And a 

constitutive relationship which includes a softening factor has been put forward. Warm deep drawing 

experiment and numerical simulation on ME20M magnesium alloy sheet have been made in which 

the attention was focused on the forming temperature. The results showed that the limit deep drawing 

height of ME20M magnesium alloy sheet can be dramatically improved as the temperature goes up, 

especially when the temperature was over about 250°C. Simultaneity, it is feasible and effective to 

add a material model into numerical simulation software by user subroutine. 

Introduction 

Magnesium alloy materials have been received much attention in automotive and electronic industry 

as the light structural and functional materials in recent years. Sheet metal forming process of 

magnesium alloy not only meets the demands on the environmental protection and the lighter trend of 

products, but also can remarkably improve productivity and quantities of the products
[1-4]

 with good 

mechanical performance and surface quality. Deep drawing process is an important and popular 

process in assessment of formability of sheet metal. So research on magnesium alloy sheet deep 

drawing is the key technology to acquire complex plastic forming products
 [5]

. 

At room temperature, magnesium alloy shows poor formability for its hexagonal closed packed 

structure. It is necessary to enhance the forming temperature so as to improve the formability of 

magnesium alloys effectively. It has been known that magnesium alloys frequently shows flow 

softening behavior during deformation at high temperature
[6]

, which increases the difficulty to 

describe the flow stress behavior of magnesium alloy at high temperature. Numerical simulation is a 

very effective method to simulate the metal forming process. It can be used not only in the analysis 

but also in the design to estimate the optimum condition of the forming process. In order to improve 

the precision in predicting the deformation behavior by numerical simulation, an accurate constitutive 

relationship about flow stress and strain of magnesium alloy at high temperature need to be 

researched
 [7]

. 

The warm deep drawing technology of ME20M magnesium alloy sheet was investigated in this 

article by both experiment and numerical simulation, and different methods were used to acquire 

magnesium alloy constitutive relationship in numerical simulation, finally the results from warm 

deep drawing experiment were compared with that from numerical simulation. 

Constitutive Relationship about Flow Stress of ME20M 

The constitutive relationships of the flow stress of a wrought magnesium alloy were researched by 

some scholars in present studies, but most of those constitutive relationships were educed based on 

the hyperbolic sine form to process nonlinearity regression from mechanics tension test data; or to set 

up coupling constitutive equation based on deformation mechanism, proceeded from density of 

dislocation and grain size
[8-10]

.These constitutive relationships don’t include the main engineering 

parameters completely and evidently, which may influence practical application in engineering 
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project. After mechanics tension test of ME20M magnesium alloy sheet was carried out
[11] 

at different 

strain rates and temperatures, and based on the constitutive relationship which was put forward by Dr. 

Zhang and included a constant softening factor
[7]

, a constitutive relationship which includes an 

inconstant softening factor and concerns a quantitative relationship among flow stress, strain, strain 

rate and temperature was brought forward(see Eq. (1)) in this study. It was found by this paper and a 

great deal of other literatures
[12-14]

 that flow softening is more pronounced when strain rate is high and 

temperature is low. Flow softening is a common characteristic of true stress/true strain curves for 

many alloys deformed at elevated temperatures. It can be caused by deformation heat and 

microstructural instabilities inside the deforming material, such as texture formation, dynamic 

precipitation and dissolution. 

exp( ln(10000 ) / ln( ) )n mK cT d Tσ ε ε ε ε= − − ∗ ∗� �                                                                            (1) 

In Eq. (1): 10000 in the inconstant softening factor ln(10000 ) / ln( )d Tε∗ � is for sake of avoiding a 

change of sign (from “+” to “-”) of inconstant softening factor when range of strain rates varied 

greatly (generally from 10
-4 to
 10

2
). 

Regression analysis was made from the flow stress/strain values measured in mechanics tension 

test of ME20M magnesium alloy sheet carried out
[11]

 at different strain rates and temperatures. Result 

was shown as follows: 

0.2378 0.15332752.96 exp( 0.00677 18.443*ln(10000 ) / ln( )* )T Tσ ε ε ε ε= − −� �                                     (2) 

As shown in Fig.1, the flow curves forecasted by Eq.2 were compared with that obtained by 

mechanics tension test at different temperatures and strain rates. They indicate that the accuracy of 

Eq. 2 is better. 

Numerical Simulation on Warm Deep Drawing Technology about ME20M 

The Constitutive Relationship Obtained by the Data From Mechanics Tension Test. The finite 

element model, as shown in Fig.2, is established according to the dimensions which are used in the 

deep drawing experiment. The blank is assumed as a deformable body. The punch, die and blank 

holder are assumed to be rigid bodies. The thickness of ME20M sheet metal is 3mm.  

In the numerical simulation, the constitutive relationship was input from the menu “property” 

module in ABAQUS/CAE, and its values come from mechanics tension test, the interface is shown in 

Fig.3. This method only can acquire ME20M constitutive relationship once at a temperature and 

strain rate, when temperature or strain rate changes, the stress or strain also changes; they have to be 

input once again, so it is not a good method to build constitutive relationship. 

When blank holder force (BHF) is 1KN, friction coefficient is 0.1, the influence of temperatures 

on limit deep draw height were studied as shown in Fig.4 (a). 

(a) at 200°C but different strain rates       (b) strain rate at 0.0006s-1 but different temperatures 

Fig.1 Flow stress/strain curve 
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Fig.2 FEA model established in ABAQUS/CAE Fig.3 Interface of inputting parameters about 

constitutive relationship in ABAQUS/CAE 

 

  
(a) The constitutive relationship obtained by the data from 

mechanics tension test 
(b) The constitutive relationship obtained by user 

subroutine 
Fig.4 Curve of limit deep drawing heights at different temperatures 

 

The limit deep drawing height increases with the temperature goes up, especially when 

temperature is over about 250°C, It indicates that plastic deforming performance of magnesium alloy 

becomes better when the temperature rises. Less workable characteristics of magnesium alloy at 

room temperature is due to the crystal structure of the hexagonal close-packed lattice and only base 

level {0001} come into slippage. But when temperature is above 200°C, first class pyramid face also 

begin to slip, so plastic deforming performance increases evidently; when temperature is above 

225°C, second pyramid face possibly begin to slip too, so plastic deforming performance increases 

greatly. 

The Constitutive Relationship Obtained by User Subroutine. The constitutive equation put 

forward by this paper (see Eq.2) was added into ABAQUS through further development by user 

subroutine VUMAT using FORTRAN language. 

In ABAQUS/CAE, to establish a complete job and to submit it will create a command file(*.inp) 

which can run directly. So some useful sentences or commands (such as constitutive relationship) can 

be added into the command file. During numerical simulation, the constitutive relationship of 

ME20M decided by Eq.(2) can be added into the command file. The sentences are as follows: 

*Material, name=magnesium 

*Density 

0.00178, 

*USER MATERIAL, CONSTANTS=8（eight material parameters，E, v, k, n, m, c, d, T） 

E, v, k, n, m, c, d, T 

In ABAQUS/COMMAND, using command as follows can call files (*.inp, *.for) to finish a job. 

Abaqus job=*.inp user=*.for interactive 

Using this method to obtain constitutive relationship, under the same numerical simulation 

conditions as 3.1, the influence of temperatures on limit deep drawing height was also studied; result 

was shown in Fig.4 (b). The result was similar with that in Fig.4 (a). 

D
ee

p
 d

ra
w

in
g

 h
ei

g
h

ts
/m

m
 

Deep drawing temperatures/℃ 

(a) 

D
ee

p
 d

ra
w

in
g

 h
ei

g
h

ts
 /

m
m

 

Deep drawing temperatures/℃ 

(b) 

Advanced Materials Research Vol. 136 25



 

 Condition 
Height(mm) 

Temperature(℃

 

When a parameter such as temperature changes, it only needs to modify its value in *.inp file, then 

the relation between stress and strain will change accordingly. So through further development by 

user subroutine to obtain constitutive relationship is adaptive to realize parameterized finite element 

analysis (PFEA)
 [15]

. 

Experimental Study on Warm Deep Drawing Technology about ME20M
 [16]

 

To validate the correctness of numerical simulations (shown in Fig.4), warm deep drawing 

experiments at different temperature were made. The equipment was shown in Fig.5, the outer 

diameter of punch is 40mm and radius of its corner is 4mm, the inside diameter of die is 46.6, and the 

radius of its corner is 6mm. The result was shown in Fig.6; it is very similar as the result of numerical 

simulation. 

Comparisons and Analysis 

Limit deep drawing heights influenced by the temperature were listed in Tab.1, which were obtained 

by numerical simulations (as shown in Fig.4) and deep drawing experiment (shown in Fig.6). 

1) The limit deep drawing heights under different temperature obtained by warm deep drawing 

experiments are greater than those obtained by numerical simulation, but their change trend are 

accordant. The differences exist because the warm deep drawing experimental result was obtained 

when cups had been ruptured while results from numerical simulation were obtained when the 

material only began to be damaged; and during numerical simulation, the forming velocities are 

greater than those in warm deep drawing experiment in order to shorten calculation time, and other 

conditions in numerical simulation are impossible the same as those in deep drawing experiment 

completely. 

 

Table 1 Datasheet of limit deep drawing heights influenced by temperatures 

 
Results from numerical 

simulation shown in 

Fig.4(a) 

Results from numerical 

simulation shown in Fig.4(b) 

Results of experiment 

shown in Fig.6 

350 14.93 11.025 － 

300 10.89  9.503 15.98 

250   7.036  7.018  9.47 

200   6.917  6.876  7.99 

150   4.225  5.786  6.17 

Room temperature 3.1  5.090  5.33 

2)The limit deep drawing heights of numerical simulation shown in Fig.4(b) are less than those of 

numerical simulation shown in Fig.4(a) when temperature are over than 150°C, because the former 

constitutive relationship considered the soften effect at high temperature, the result has greater 

security in engineering applications than the latter. 

Fig.5 Total assembly and mould 

diagram of warm deep drawing 
Fig.6 Curve of limit deep drawing 

heights at different temperatures from 
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