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ABSTRACT 
Spallation in ductile metals is often dominated by nucleation, growth and coalescence of voids. 
Previous research clearly shows that the volume density of nucleated voids is closely related to many 
factors such as grain size, loading condition and the like. In addition, it is confirmed that the nucleation 
of voids is inhibited by the existing voids with the plastic region around them. Therefore, a new 
model of dynamic damage is proposed, where the void nucleation equation is coupled with loading 
condition, porosity and the void growth is described by using a hollow sphere model with micro-inertia 
effects. The model is used to simulate spall experiments, and simulation results agree well with 
experimental data. 
Keywords:  spallation, void nucleation, ductile metal. 

1  INTRODUCTION 
Damage in materials subjected to dynamic tension is of great importance in many scientific 
fields. When a target plate is impacted by a flyer plate, compressive shock waves are 
generated in the two plates. As they encounter the free surface of the target and of the flyer, 
they reflect back as rarefaction waves. Tensile stress is generated wherever the rarefaction 
waves interact. As for ductile materials, damage (in the form of voids) will nucleate, grow 
and coalesce under the higher tensile stress, which can ultimately lead to the formation of a 
spall layer. Now, many theoretical damage models, both empirical and micro-physical in 
nature, have been developed to describe and predict phenomenon of spall fracture [1]–[6]. 
Some of these models are dependent on stress threshold, while others are dependent on strain 
threshold. Usually the damage level is quantified according to the void volume in the region 
of fracture for all these models. Up to now, there is no general and satisfactory spall model, 
and current models are confined in a narrow applicative range and should be further improved 
[7]. 
     In this paper we focus our attention only on void formation. Recent research on the 
mechanics of void growth clearly shows that void nucleation may be represented as a 
bifurcation phenomenon, where a void forms spontaneously followed by highly localized 
plastic flow around the new void and the growing voids in turn induce relaxation zones in 
which local stresses decrease, thus decreasing the probability of nucleating voids in these 
zones [8]. In existing models, nucleation and coalescence are generally dealt with in an 
empirical fashion [3], [9]–[11]. In recent years, however, renewed attention has been paid to 
damage processes. In the present work, a new model of dynamic damage is proposed, where 
the void nucleation equation is coupled with loading condition, porosity and the void growth 
is described by using a hollow sphere model with micro-inertia effects. 

2  VOID GROWTH 
As suggested by Czarnota et al. [4] and Jacques et al. [12], the porous ductile material is 
modelled as an assemblage of hollow spheres where the pairs (a, b) and (A, B) are the current 
and initial values of the inner and outer radii respectively, and the ratio of b to a is assumed 
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to be identical for all hollow spheres. So, the macroscopic damage can be described by the 
porosity 33 / ba=φ . A single hollow sphere is subjected to the external stress p , where 
p is a positive hydrostatic tension. 
     For void early growth ( acb ≤< ), radius c is the elastic–plastic interface), the 
evolution law of hollow sphere can be written [13] as  
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where 0Y  and G  are the yield strength and the shear modulus of the solid respectively. From 
eqn (1), for an elastic perfectly plastic material, the critical pressure at void nucleation is 
given by 
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and radius c is 
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     While the entire sphere has yielded, the evolution law of hollow sphere can be written 
[2] as 
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     From eqns (1), (3) and (4), we can determine the parameter 0a  
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3  VOID NUCLEATION 
In spallation conditions, where the negative pressures are large, void nucleation tends to be 
determined more by stress than strain. The volume density of nucleated voids increases with 
shock pressure and action time of negative pressures increases. At the same time, considering 
nucleation inhibition, as induced by the growth of already nucleated voids, we propose a new 
void nucleation rate function as 
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where cp is the critical pressure at void nucleation (see eqn (2)), ct is the time when the 

tensile stress p equals to cp . 
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4  COMPARISON OF CALCULATION WITH EXPERIMENT 
Based on the proposed model, finite element simulations of plate impact tests are carried out 
to compare with the experiments on OFHC copper. There, the targets (4 mm thick) with the 
average grain sizes 30, 60, 100, and 200 μm were impacted by the quartz impactor (2 mm) 
of ～131m/s velocity. Results from the experiments show that void coalescence is observed 
to dominate the void growth behavior in the 30 and 200 μm samples, whereas void growth is 
dominated by the growth of isolated voids in 60 and 100 μm samples [14]. Because the 
present model does not include the process of void coalescence, we choice experiment data 
of simple with the average grain sizes 60 μm to simulate. Both the calculated results and the 
experimental data for the free surface velocity profiles are shown in Fig. 1 and damage 
statistics are listed in Table 1, where the ΔFSV is the free surface velocity difference between 
the first peak plateau and the first valley, the porosity is the void volume fraction. Comparison 
between the calculated and experimental results shows that they are in good agreement. 
 

 

Figure 1:  Free surface velocity histories. 

Table 1:  Damage statistics from optical analysis and numerical results. 

 Number of voids 
（106/cm3） ΔFSV (m/s) Porosity Average void 

diameter (μm) 
Exp. 27.15 71 0.166 11.3 
Cal. 24.35 68.92 0.107 10.17 

5  CONCLUSION 
A new void nucleation rate function considering the effects of shock pressure and nucleation 
inhibition by the growth of already nucleated voids was proposed. The present approach, 
which includes a new void nucleation rate function and void growth rate in hollow sphere, is 
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used to characterize spall damage in ductile metals subjected to dynamic loading conditions. 
For simulated plate impact experiment, calculated free surface velocity, number of voids, 
porosity and average void diameter agree well with experiment data, demonstrating the 
applicability of the newly developed model. 
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