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Abstract: Based on a dynamic analysis method and an explicit algorithm, a dynamic explicit finite element code was developed for 
modeling the fast upsetting process of block under drop hammer impact, in which the hammer velocity during the deformation was 
calculated by energy conservation law according to the operating principle of hammer equipment. The stress wave propagation and 
its effect on the deformation were analyzed by the stress and strain distributions. Industrial pure lead, oxygen-free high-conductivity 
(OFHC) copper and 7039 aluminum alloy were chosen to investigate the effect of material parameters on the stress wave propagation. 
The results show that the stress wave propagates from top to bottom of block, and then reflects back when it reaches the bottom 
surface. After that, stress wave propagates and reflects repeatedly between the upper surface and bottom surface. The stress wave 
propagation has a significant effect on the deformation at the initial stage, and then becomes weak at the middle-final stage. When the 
ratio of elastic modulus or the slope of stress—strain curve to mass density becomes larger, the velocity of stress wave propagation 
increases, and the influence of stress wave on the deformation becomes small. 
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1 Introduction 
 

Fast upsetting under drop hammer impact is a 
primary method to investigate the deformation behavior 
of metal under medium strain rate. During the fast 
upsetting process, the workpiece is subjected to dynamic 
impact loading. A significant inertial force occurs in the 
workpiece, and the stress wave propagation has an 
important effect on the deformation, which makes the 
analysis of fast upsetting process become more complex 
than that of quasi-static upsetting[1−4]. 

Stress wave is a kind of perturbed propagation for 
stress (or strain), and stress wave propagation can depict 
deformation process of material under dynamic loading. 
Stress wave propagation is closely related to the material 
parameters, and the material parameters have a 
significant effect on the propagation process of stress 
wave. The previous theory and experimental work show 
that there are two kinds of stress waves with different 
propagating velocities in an elastoplastic material. The 
quicker one is elastic wave with lower stress peak value, 
and the slower one is plastic wave with higher stress 
peak value[5−8]. 

There are three common methods to investigate the 

problem of stress wave propagation, that is, characteristic 
line method, finite difference method and finite element 
method[9−11]. For the dynamic deformation of metal, 
the dynamic explicit finite element method is proper to 
be adopted and mainly used in one or two dimensional 
problems due to the complexity of three dimensional 
problems[12]. ARGYRIS and CHAN[13] did research on 
the fast upsetting process of cylinder using a 
two-dimensional dynamic explicit finite element code, 
and revealed that the stress wave propagation could 
perturb the relationship curve between the acceleration 
and deformation time. Current available commercial 
finite element softwares for hammer forging adopt static 
implicit algorithm, such as Deform, Superform and 
Qform, in which hammer forging is treated as a 
quasi-static process, and the effect of stress wave on the 
deformation cannot be considered. 

In order to analyze the stress wave propagation in 
the fast upsetting process under drop hammer impact, 
based on the dynamic explicit algorithm and elastoplastic 
finite deformation theory, a three-dimensional finite 
element code was developed, in which the hammer 
velocity was calculated by the energy conservation law. 
The block upsetting processes were simulated using the 
developed code. The stress and strain distributions were  
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calculated to investigate the stress wave propagation and 
its influence on the deformation. Industrial pure lead, 
OFHC (oxygen-free high- conductivity) copper and 7039 
aluminum alloy were chosen to analyze the effect of 
material parameters on the stress wave propagation. 
 
2 Dynamic explicit finite element method 
 
2.1 Dynamic explicit algorithm 

For an elastoplastic solid, the equation governing 
the motion can be expressed as 

 
nnn HFPuΜ n +−=&&                          (1) 

 
where  M is the consistent mass matrix, ü is the 
acceleration vector, P and F are the vectors of external 
and internal nodal force, respectively, H is the added 
Hourglass resisting force to prevent Hourglass mode in 
the calculation. There are two methods to calculate 
Hourglass force: stiff Hourglass control and viscous 
Hourglass control[14]. In the developed code, the latter 
is proper to be used. 

The central difference scheme was used to integrate 
Eqn.(1). The acceleration ü, velocity u&  and 
displacement u are expressed as[15] 
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The central difference scheme is conditionally 
stable. At each time incremental step, a time increment is 
required to less than a critical value: 
 

∆t≤
c
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where   the range of stable factor ξ is 0.5−0.8, L is the 
minimum characteristic length of element, c is the fastest 
wave velocity in a material. For an isotropic elasto- 
plastic material, the elastic wave velocity ve and the 
plastic wave velocity vp can be expressed as[5] 
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where  E is elastic modulus, υ  is Poisson ratio, ρ is 
mass density, ET (=dσ/dε) is the slope of the stress—
strain curve at plasticity stage, σ and ε are stress and 
strain, respectively. It is clear that the elastic wave 
velocity is larger than that of plastic wave because of ET

＜E. Hence, the elastic wave velocity was used to 

calculate the maximal time increment in numerical 
simulations. 

The time increment calculated according to Eqn.(5) 
is very short, and this is the reason why the central 
difference scheme is usually used to analyze the stress 
wave propagation. 
 
2.2 Calculation of hammer velocity 

During analyzing the fast upsetting process under 
drop hammer impact by the dynamic explicit finite 
element method, the hammer velocity must be calculated 
in each time increment step in order to apply the velocity 
boundary condition for the workpiece. Energy 
transformation controls the deformation process during 
drop hammer impact. The initial kinetic energy of 
hammer transfers into the deformation energy of 
workpiece, and hammer velocity is changed and 
unknown. 

According to the operating principle of drop 
hammer, the blow energy E0, blow efficiency η and 
hammer mass m are input parameters of the equipment in 
the finite element model. During the deformation, the 
kinetic energy of hammer transfers into deformation 
energy of workpiece Ed, hammer velocity v decreases 
with the increase of deformation time, and is calculated 
by energy conservation law. 

At the beginning, the impact velocity is calculated 
according to the blow energy E0 and hammer mass m: 

mE /2 00 =ν                                 (8) 

In each time increment step, the deformation energy 
of workpiece is calculated by incremental method: 
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According to energy conservation law, the 

remaining energy can be expressed as follows: 
 

η/d0n EEE −=                             (10) 
 

If En＞0, the hammer velocity is calculated by the 
following equation: 

mE /2 nn =ν                                (11) 

Otherwise, the calculation is stopped, and the 
deformation process is completed. 
 
2.3 Treatment of contact interface 

A contact-searching scheme based on a master-slave 
algorithm[14] is used to treat the contact interface. The 
die and workpiece are considered as master and slave 
body, respectively. Normal contact force is calculated by 
penalty method. The frictional contact condition 
encountered in three-dimensional metal forming 
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processes is quite complex. In order to model the 
frictional phenomena precisely, the non-classical 
Coulomb friction law is implemented in the code[16]. 
 
3 Finite element analysis of fast upsetting 

process 
 
3.1 FEA model and calculation condition 

The dimension of initial block is 240 mm×240 mm 
×120 mm. The equipment parameters of drop hammer 
are as follows: blow energy 250 kJ, blow efficiency 0.8 
and hammer mass 2 200 kg. Industrial pure lead, OFHC 
copper and 7039 aluminum alloy are chosen as 
simulation materials. The material parameters and the 
flow stress models are shown in Tables 1 and 2, 
respectively. Due to the symmetry of the deformation 
process, only one quarter of the block is adopted for the 
finite element analysis, as shown in Fig.1. OZ is 
symmetry axis, and the constrained displacements are 
applied to the symmetry surfaces at X=0 and Y=0. In 
order to investigate the effect of stress wave more  
clearly, an ideal condition that the frictional coefficient is 
zero is considered. 
 
Table 1 Parameters of material[17−18] 

Material Elastic  
modulus/MPa 

Poisson 
ratio 

Mass density/
(g ·cm−3) 

Industrial pure 
lead 17 000 0.42 11.34 

OFHC copper 129 740 0.343 8.96 

7039 aluminum 
alloy 73 800 0.33 2.77 

 
Table 2 Flow stress model of materials[18−19] 

Material Flow stress model 

Industrial pure lead 07.02 274.0 1 139.38 εεσ &=y  
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3.2 Elastic wave analysis 

The initial time is defined as t=0 at which the 
hammer contacts the top surface of the block. In order to 
investigate the elastic wave propagation, the stress 
distribution along Z direction σZ at the initial deformation 
stage is analyzed (as shown in Fig.2). The elastic wave 
firstly acts on the top surface and propagates along the 
−Z direction. For industrial pure lead, OFHC copper and  

 
Fig.1 Finite element analysis model 
 

 

Fig.2 Stress distribution along Z direction at early deformation 
stage: (a) Industrial pure lead; (b) OFHC copper; (c) 7039 
aluminum alloy 
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7039 aluminum alloy, the elastic waves arrive on the 
bottom surface of the block after 0.61×10−4, 0.26×10−4 
and 0.20×10−4 s, respectively, by which the elastic wave 
velocity obtained are 1.96×106, 4.62×106 and 
6.00×106 mm/s, respectively. Once traveling to the 
bottom surface of the block, the elastic wave reflects and 
returns towards the upper surface. 

The theoretical value of elastic wave velocities can 
be obtained by applying the material parameters to 
Eqn.(6), as listed in Table 3, which are in good 
agreement with the calculated results of finite element 
analysis. 
 
3.3 Plastic wave analysis 

When the applied stress is sufficient to produce 
plastic deformation in the block, plastic wave will 
emerge. For the each time incremental step during the 
initial stage of deformation, the distribution of equivalent 
plastic strain is analyzed. When the material points in the 
top region of block first generate plastic deformation, 
plastic wave begins to propagate. For the three materials, 
the plastic wave begins to propagate in the deformed 
blocks at about 0.14×10−4, 0.58×10−5 and 0.86×10−5 s, 
respectively. The plastic wave propagation can be 
analyzed by the equivalent plastic strain distribution in 
the block at the initial deformation stage, as illustrated in 
Fig.3. The plastic wave first acts on the top surface and 
propagates along the −Z direction. Once traveling to the 
upper surface or the bottom surface, the plastic wave will 
reflect. 

The locations of wave fronts at three specific 
moments are illustrated in Figs.4, 5 and 6, respectively. 
The plastic wave fronts lag behind the elastic wave fronts 
all the time. When the elastic wave fronts travel to the 
bottom surface, the plastic wave fronts arrive at the 
location of Z=20, 30 and 90 mm, respectively. For 
industrial pure lead and OFHC copper, the plastic wave 
front travels to the bottom surface at 0.74×10−4 and 
0.37×10−4 s, as shown in Figs.4(c) and 5(c), respectively, 
and the corresponding equivalent plastic strain 
distribution is shown in Figs.7(a) and (b). For 7039 
aluminum alloy, the material points at the bottom 
generate plastic deformation at 0.3×10−4 s and the 
plastic strain in lower region of the block increases 
quickly, as shown in Fig.7(c), which implies that another  

 

  
Fig.3 Equivalent plastic strain distribution at early deformation 
stage: (a) Industrial pure lead; (b) OFHC copper; (c) 7039 
aluminum alloy 

 
Table 3 Theoretical and calculated values of elastic wave velocity 

Elastic wave velocity/(mm·s−1) 
Material E/ρ 

Theoretical value/106 Calculated value/106 Relative error/% 

Industrial pure lead 1 499.1 1.956 1.96 0.2 

OFHC copper 14 479.9 4.75 4.62 2.7 

7039 aluminum alloy 26 642.6 6.28 6.0 4.5 
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Fig.4 Location of elastic wave front and plastic wave front for industrial pure lead: (a) t=0.14×10−4 s; (b) t=0.61×10−4 s;         
(c) t=0.74×10−4 s 
 

 
Fig.5 Location of elastic wave front and plastic wave front for OFHC copper: (a) t=0.58×10−5s; (b) t=0.26×10−4 s; (c) t=0.37× 
10−4 s 
            

 
Fig.6 Location of elastic wave front and plastic wave front for 7039 aluminum alloy: (a) t=0.86×10−5 s; (b) t=0.2×10−4 s;        
(c) t=0.3×10−4 s 
 

 
Fig.7 Equivalent plastic strain distribution when plastic wave front arrived at bottom: (a) Industrial pure lead; (b) OFHC copper;   
(c) 7039 aluminum alloy 
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plastic wave reflects from the bottom surface and 
propagates towards the upper surface at this moment, as 
shown in Fig.6(c). 

Assuming that the density ρ keeps constant during 
the deformation, the plastic wave velocity vp depends on 
the slope of stress— strain curve ET. For the three 
materials, ET is continuously changed and decreases with 
the increase of equivalent plastic strain εp. The plastic 
wave velocity vp can be obtained by applying the 
material parameters and flow stress model to Eqn.(7), as 
shown in Fig.8. The plastic wave velocity vp decreases 
with the increase of equivalent plastic strain εp, and the 
theoretical values are roughly 0.39×105−1.224×106, 
0.67×105−3.81×106 and 1.38×105−5.16×106 mm/s 
for the three materials, respectively. 

For the three materials, there is a great difference in 
the equivalent plastic strain distribution at t=4.6×10−3 s, 
as shown in Fig.9. For industrial pure lead, the 
distribution is non-uniform, and the plastic strain 
concentration zone occurs in the upper region of the 
block. The distribution of equivalent plastic strain in the 
copper block is more uniform than that in the lead block. 
By contrast, the distribution in 7039 aluminum alloy 
block is most uniform. The non-uniform distribution of 
equivalent plastic strain is the result of the stress wave 
propagation and reflection in the block. It can be 
concluded that the influence of stress wave on the 
deformation is the most obvious in the lead block, and 

the smallest in the 7039 aluminum alloy block. 
For the same blocks, there is a large difference in 

the stress wave velocity among the three materials, 
which makes stress wave have a different influence on 
the deformation. With the increase of stress wave 
velocity, the numbers of stress wave reflection in the 
block increase, and the influence of stress wave on the 
deformation becomes weaken, which can be explained 
from two aspects: 1) the hammer velocity continuously 
decreases with the deformation time, and then the wave 
front propagates with smaller stress value; 2) the effect 
of incoming wave and reflected wave counteracts each 
other. On impact, a stress wave of compression is 
propagated along the top surface of block. This wave 
travels to the bottom surface of block, which is reflected 
as a wave of tension, and returns towards the top surface, 
relieving the compressive stress produced by the 
incoming wave. 

For industrial pure lead, OFHC copper and 7039 
aluminum alloy, the fast upsetting deformation processes 
are completed at 7.0×10−3, 7.8×10−3 and 6.7×10−3 s, 
respectively. At the final stage, the stress distribution 
along Z direction is approximately uniform, as shown in 
Fig.10. This indicates that at the middle-final forming 
stage, many times of reflection in the block occur to the 
stress wave, which makes the oncoming wave and return 
wave counteract each other. Therefore, stress wave has 
little effect on the deformation, and the distribution of 

 

 

Fig.8 Theoretical values of plastic wave velocity: (a) εp—νp curve; (b) ET—νp curve 
 

 

Fig.9 Equivalent plastic strain distribution in block at time of 4.6×10−3 s: (a) Industrial pure lead; (b) OFHC copper; (c) 7039 
aluminum alloy 
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Fig.10 Stress distribution along Z direction at final deformation stage: (a) Industrial pure lead; (b) OFHC copper; (c) 7039 aluminum 
alloy 
 
stress and strain becomes uniform. 
 
4 Conclusions 
 

1) A finite element code is developed based on the 
energy method and dynamic explicit algorithm. The 
stress wave propagation during the fast upsetting process 
can be analyzed using the developed code. The 
calculated stress wave velocity is in good agreement with 
the theoretical value, which verifies the effectiveness of 
developed code. 

2) During the fast upsetting, the deformation 
process can be represented by the stress wave 
propagation and reflection. There are two stress waves 
with different propagation velocities. The quicker one is 
elastic wave, and the slower one is plastic wave. Stress 
wave has an important effect on the uniformity of 
deformation, which makes stress and strain distribution 
exhibit propagation characteristic. Stress wave 
propagation has a significant effect on the deformation at 
the initial stage, and then becomes weak at the middle- 
final stage. 

3) The material parameters have a significant 
influence on the stress wave velocity. With the increase 
of E/ρ and ET/ρ, the velocity of stress wave propagation 
increases, and the effect of stress wave propagation on 
the deformation becomes weak. 
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