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Abstract: The extrusion ratio is one of the key parameters for manufacturing the lead-glass fiber (Pb-GF) composite wire by coating 
extrusion. The effect of extrusion ratio on coating extrusion of Pb-GF composite wire was studied by finite element numerical 
simulation with the use of the DEFOEM simulation software. The simulation result shows that the higher the extrusion ratio, the 
higher the effective stress that the glass fiber bears during extrusion. It is also observed that the extrusion force increases with the 
increase of the extrusion ratio. The extrusion experiment of Pb-GF composite wire reveals that extrusion ratio is changed by 
changing the quantity of glass fiber and composite diameter. The rule that increasing the extrusion ratio enhances the coating speed 
limit suggests that the load on the glass fiber increases with increasing extrusion ratio. Both the simulation and the extrusion 
experiments show that the extrusion force increases with increasing extrusion ratio. 
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1 Introduction 
 

With the environmental and oil cost pressures, the 
electric vehicles(EVs) and the hybrid vehicles(HEVs) 
become more and more important[1−2]. Many kinds of 
advanced lead-acid batteries have been designed for EVs 
and HEVs[3−5]. The composite of lead-clad fiber glass 
(Pb-GF composite wire) is a kind of new material for the 
grid of new advanced lead-acid battery[6]. The Pb-GF 
composite wire is also very useful in different fields, 
such as absorbing ionizing, electromagnetic radiation and 
sound insulation. 

The coating extrusion as an important method for 
forming Pb-GF composite wire has been studied by 
many scholars in different fields and in different 
countries. But most study has been concentrated on the 
technology and engineering[7−8], and few researches 
have been related to the theory of Pb-GF coating 
extrusion. Although there are many researchers working 
on the theory of coating a kind of plastic material with 
other plastic material, such as aluminum-clad copper 
wire[9−10], little has been reported on the theory of 
coating a kind of brittle material with plastic material. 

The Pb-GF composite wire is a typical kind of metallic 
matrix composite reinforced by brittle fiber[11−12]. 
Therefore, it is very important to investigate both 
theoretically and experimentally the forming process of 
Pb-GF composite wire by coating extrusion. In recent 
years, our group has been got some results in this field 
[12−15] and found that extrusion ratio is a very important 
parameter for extrusion coating technology of Pb-GF. 

Nowadays, the simulation software has become 
highly developed. It is possible to simulate the coating 
extrusion process of Pb-GF composite wire. DEFORM is 
the most important software commonly used for bulk 
deformation simulation. Coating extrusion of Pb-GF is a 
typical kind of bulk deformation. In the present work, the 
Pb-GF composite wire coating extrusion process has 
been simulated by using DEFORM. Due to the fact that 
extrusion ratio is one of the most important technical 
parameters for the Pb-GF coating extrusion process, both 
simulation and experimental studies have been focused 
on the effect of extrusion ratio. 
 
2 Simulation 
 
2.1 Model of numerical simulation 
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The geometry, constraint condition, and load for 
Pb-GF coating extrusion are axisymmetric. Therefore, 
the axisymmetric model as shown in Fig.1 was used for 
the numerical simulation of the Pb-GF coating extrusion 
process. 
 

 
Fig.1 Simulation model for Pb-GF coating extrusion 
 
2.2 Materials property 

The property of material is an important parameter 
to numerical simulation. In the present investigation, the 
glass fiber used was the EC8-24*1*3S-600 consisting of 
600 fine single glass fibers. In simulation, the glass fiber 
was considered to be a brittle, non-deformable, rigid 
material. Therefore, no deformation will occur to the 
glass fiber yarn so long as the stress transferred to it does 
not exceed its tensile strength. For Pb, on the other hand, 
the strain hardening model was used. The following 
expression for the flow stress of Pb was used in the 
present simulation. Based on Eq.(1), the flow stress of Pb 
under different strain and strain rate is shown in Fig.2. 
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Fig.2 Flow stress vs strain curves of Pb under different strain 
rates 

2.3 Effect of extrusion ratio on coating extrusion 
Table 1 lists the parameters used in numerical 

simulation. For more detailed study of the extrusion ratio 
effect on the coating extrusion process, some important 
parameters, such as the die gap, the extrusion ram speed, 
and the length of forming zone, are confirmed, as shown 
in Table 1. 
 
Table 1 Technical parameters selected for extrusion simulation 

Technical parameter Value 

Extrusion ratio, λ 
1 659, 1 735, 1 838,  

2 013, 2231 
Quantity of glass fiber 200, 400, 600, 1 200, 1 800

Die gap/mm 0.16 

Speed of extrusion ram/(mm·s−1) 0.9 

Extrusion temperature/℃ 300 

Length of forming zone/mm 1.0 

 
The simulation results were introduced for different 

extrusion ratios in Fig.3. Based on the simulation results, 
the following conclusions can be drawn. 

Firstly, the higher the extrusion ratio, the higher the 
effective stress that the fiber glass has suffered during 
extrusion. When the extrusion ratio was enhanced from  
1 659 to 2 231, the effective stress increased from 375 
MPa to 460 MPa. When the effective stress is higher 
than the tension strength of the glass fiber (480−510 
MPa), the coating extrusion will not succeed because of 
the rupture of the glass fiber, so the simulation result 
shows that the extrusion ratio must be lower than 2 231. 

Secondly, with the increase of the extrusion ratio, 
the extrusion force increases. The relationship between 
the extrusion force and the extrusion ratio obtained by 
numerical simulation is shown in Fig.4. The reason that 
the extrusion force increases with increasing ratio is that 
the extent deformation increases when the extrusion ratio 
is enhanced. 
 
3 Experiment 
 

The coating extrusion experiments were performed 
in the same conditions as in Ref.[12]. The apparatus was 
WE600-B material test press. Extrusion mode of forward 
extrusion was used. The coating material was 1# pure 
lead. The glass fiber yarns used were EC8-24-1-3S- 
(200-1800) and EC9-24-1-3S-(200-1800), respectively. 
 
4 Results and discussion 
 
4.1 Effect of quantity of glass fiber on extrusion ratio 

and extrusion speed 
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In extrusion experiments, the change of extrusion 
ratio is determined by quantity of glass fiber and 
composite wire diameter. When other parameters of 
extrusion are unchanged, the quantity of glass fiber and 
composite become the most important factors for 

extrusion ratio. Fig.5 shows the relationship among the 
extrusion ratio, quantity of glass fiber and the coating 
speed. From Fig.5, it is clear that the higher the quantity 
of glass fiber, the higher the extrusion ratio and the lower 
the limited coating speed. This means that the effective 

Fig.3 Equivalent stress under different 
extrusion ratios for forward extrusion 
of Pb-GF composite wire: (a) λ=1 659; 
(b) λ=1 735; (c) λ=1 838; (d) λ=2 013; 
(e) λ=2 231 
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stress acting on the fiber glass increases with the increase 
of the extrusion ratio and quantity of fiber glass, because 
the higher limited coating speed means the lower force 
undertaken by fiber glass for the same overall extrusion 
force. This is in good accordance with the simulation 
result. Other parameters in the experiment are: extrusion 
force of 170 kN, extrusion temperature of 317 ℃, 
composite wire diameter of 0.75 mm and die gap of 0.18 
mm. 
 

 

Fig.4 Relationship between extrusion ratio and extrusion force 
for simulation 
 

 

Fig.5 Relationship among extrusion ratio, coating speed and 
quantity of glass fiber in forward extrusion 
 
4.2 Effect of composite wire diameter on extrusion 

ratio and extrusion speed 
When quantity of glass fiber is unchanged, the 

change of composite wire diameter can cause the change 
of extrusion ratio. Fig.6 shows the relationship among 
the extrusion ratio, composite wire diameter and coating 
speed. From Fig.6, it is clear that the higher the 
composite wire diameter, the lower the extrusion ratio 
and the higher the limited coating speed. This means that 

the effective stress acting on the glass fiber increases 
with the increase of the extrusion ratio caused by change 
of composite wire diameter, because the higher limited 
coating speed means the lower force undertaken by fiber 
glass for the same overall extrusion force. This is also in 
good accordance with the simulation result. Other 
parameters in the experiment are: extrusion force of 170 
kN, extrusion temperature of 317 ℃, quantity of glass 
fiber of 600 and die gap of 0.18 mm. 
 

 

Fig.6 Relationship among extrusion ratio, coating speed and 
composite wire diameter in forward extrusion 
 
5 Conclusions 
 

1) Numerical simulation on the effect of extrusion 
ratio on coating extrusion forming of Pb-GF composite 
wire was performed by using DEFORM. The effective 
stress distribution was well predicted. It is revealed that 
the higher the extrusion ratio, the higher the stress that 
transfers to the glass fiber during extrusion. The 
relationship between the extrusion force and the 
extrusion ratio was also made clear by simulation. 

2) The experimental investigation of Pb-GF coating 
extrusion shows that both the quantity of glass fiber and 
composite wire diameter are important parameters for 
change of extrusion ratio. The results show that the larger 
the quantity of glass fiber (0−1 800), and the higher the 
extrusion ratio (1 580−2 100), the lower the permitted 
coating speed (18−2.5 m/min), which means that the 
force acting on the glass fiber becomes high when the 
extrusion ratio and quantity of glass fiber are enhanced. 
This is in good accordance with the simulation result. 
The experiment results also show that when quantity of 
glass fiber is unchanged, the larger the composite wire 
diameter (0.65−1.0 mm) and the lower the extrusion ratio  
(5 600−1 400), the higher the permitted coating speed 
(2.5−18 m/min), which also means that the force acting 
on the glass fiber becomes high. 
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