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Abstract 

A set of relations which would allow the experimental results of impact 
fragmentation experiments conducted under the controlled environment of a 
testing laboratory to be confidently scaled to realistic system dimensions would 
be an effective tool in the developments toward a predictive capability in full 
scale applications involving fragmentation. Here some of the issues governing 
scaling relations in dynamic fragmentation are discussed. Dimensional 
arguments are pursued. Some of the consequences indicate that fragmentation 
scaling relations are dependent on the specifid material properties and 
mechanisms governing the fragmentation process. Transitions in functional 
forms of the scaling relations can be expected under conditions in which 
fragmentation mechanism transitions occur in complex engineering materials. 
Some computational simulations and experimental impact fragmentation 
results are examined. 
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under contract number DE-AC04-76DP007 8 9. 
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1 Introduction 

The intense impulsive loading of a solid system can lead to the catastrophic 
fragmentation and the ejection of fragment debris from all or part ofthat system. 
The controlled experimental study of impact fragmentation is commonly 
investigated with propellant guns, explosives or other comparable accelerators. 
The size of the experimental system investigated is usually modest due to 
testing and safety constraints. Systems of interest, however, are frequently 
substantially larger, the loading more complex, and ,consequently, the scaling 
of the test results obtained on smaller systems becomes a critical issue. 

Dimensional analysis offers a tool for investigating fragmentation scaling 
properties of system responses. Unfortunately, the mechanisms of 
fragmentation are not sufficiently well understood. In addition the material 
properties believed to .be responsible for fragmentation, and critical to the 
dimensional analysis process, are not known with acceptable confidence. For 
example, dynamic fracture stress is a commonly reported material property, 
where in fact, fracture stress is more likely a derived quantity dependent on both 
more fundamental properties and loading conditions. Properties such as 
fracture toughness, flow stress and surface tension are probably more relevant 
to the fragmentation process. 

In the present study dimensional issues and scaling characteristics within a 
more restricted setting are examined. Simple materials described by a very 
limited set of material properties are investigated. This investigation lends 
insight into the scaling relations for dynamic fragmentation and how they relate 
to the underlying failure and fragmentation mechanisms. The analysis results 
are briefly compared with some experimental and computational studies of 
dynamic fragmentation. 

2 Dimensional Issues for Simple Systems 

The focus in the present scaling study will be on the impact fragmentation of 
condensed bodies. Consequently, the geometry illustrated in Figure 1 is 
representative. The diameter of the projectile impacting at a velocity V ,  and the 
thickness of the stationary plate are selected to be the same length dimension 
L for the purpose of simplifying the discussion. Both plate and projectile are the 
same material with density p and the material response is rigid plastic 
characterized by a flow stress Y .  

In the impact event N fragments are created and, consequently, the number of 
fragments will generally have the functional dependence, 
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Figure 1. A simple impact fragmentation event selected to illustrate 
scaling issues in dynamic fragmentation. (a) depicts the impact config- 
uration while (b) illustrates the subsequent fragmentation conse- 
q uences. 

The parameters in the set (p, Y, V )  are not dimensionally independent and a 
characteristic length cannot be established. Therefore, the number of 
fragments, which is a nondimensional parameter, must have the functional 
dependence, 

N =A$), 
and is independent of the system length dimension L. 

Consider now the replacement of the materials in the impact event illustrated in 
Figure 1 with an incompressible fluid simply characterized by a density p and 
a surface tension y. The relation for the fragment number equivalent to 
Equation 1 is then, 

Parameters in the set ( p, y V )  are for this case dimensionally independent and 
a characteristic length of Y/p? can be determined. The dimensionless 
equivalent to Equation 2 is, 
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which, in contrast to Equation 2, is dependent on the system length scale L .  

The fragmentation relations for the simple materials considered above can be 
further constrained by examining the limiting case for which the characteristic 
fragment size s is significantly smaller than the system dimension L .  In the limit 
of s << L it is reasonable to assume that the fragment size is determined only by 
material and kinematic properties local to the fragmentation region of interest. 
The local kinematic state is determined by a measure of the local strain rate e .  
The material properties are (p, Y )  for a rigid-plastic solid, or (p, y) for an 
incompressible fluid. For a rigid-plastic solid dimensional arguments from the 
reduced set of independent parameters in the functional dependence 
s = f (p ,  Y, 6 )  requires the proportionality, 

Similar analysis for an incompressible fluid leads to, 

s = ( -g3. 
The strain rate at any point, however, will scale directly with the system size 
according to E = V / L  and relations for fragment number can be retrieved for a 
rigid-plastic solid, 

and for an incompressible fluid, 

It is important to note that scaling with respect to both system size L and initial 
system energy pv" (energy density) differ for the two material types. The trend 
for both materials for system size and energy scaling are qualitatively indicated 
in Figure 2. The significant observation can be made that fragmentation scaling 
is dependent on the material properties governing the fragmentation process. 



5 

SYSTEM ENERGY (pV2) 

f 

- Rigid-Plastic Solid 
Incompressible Fluid 

SYSTEM LENGTH SCALE (L) 
Figure 2. Dependence of fragment number in an impact fragmenta- 
tion event on the system size and energy. 

3 Transitions in Scaling Relations and 
Fragmentation Mechanisms 

Additional complications in the scaling behavior can be expected when more 
complex material response is encountered. Consider the deformation, leading 
to fragmentation of the rigid-plastic material in Figure 1, to be governed by both 
a flow stress Y and a surface tension y. For this additional complexity in 
material constitutive behavior the fragment number will in general be a function 
of two dimensionless parameters which can be expressed as, 

The introduction of an additional material constant introduces a material 
specific characteristic length, 

h = -  Y 
Y' 

To comment further on fragmentation scaling for this material some reflection 
on the failure processes leading to fragmentation is necessary. Consider the 
growth of an internal spherical cavity of radius r .  Consider further, 
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Figure 3. Energy dissipation in the growth of a spherical cavity in an 
incompressible material characterized by a plastic flow stress Y and 
a surface tension y. 

fragmentation into particles of size s <y/Y << L such that the growth and 
coalescence of collective adjacent cavitation sites occurs while Y < y / Y .  

As indicated in Figure 3, within this early range of cavity growth, dissipation of 
the work of expansion is dominated by increase in the surface energy. 
Coalescence and fragmentation within this range would lead to fragmentation 
governed by the surface tension and number scaling with respect to system 
size given by (see Equation 8), 

N -  pv2LIy. 

Correspondingly, if cavity coalescence and fragmentation does not occur until 
the spherical cavity radius achieves r > y / Y  then plastic work would dominate 
energy dissipation and fragmentation might be expected to be governed by, 

N = [ p ?/Y)~’~. 

There is, however, another interesting possibility for the material behavior 
during cavity growth toward failure in the latter case. As suggested in Figure 3, 
perturbations might lead to a destabilization of spherical cavity growth when 
I- > y / Y  is achieved. Such instability could lead to the evolution of irregular 
cavities and ultimately the propagation of mature ductile cracks to reduce 
dissipation in the void growth process leading to fragmentation. The dimension 
of the fracture process zone at the tip of the propagating crack would be of the 



order of the characteristic dimension h - 'y /Y and dissipation at the crack tip 
would be of order y+  yh - y+ Y (y/y> - 2y. 

The fracture of viscous liquids under sufficiently high loading rates is, in fact, 
commonly observed. The photographic images of Kolsky and Rader (1 968) 
aptly illustrates dynamic fracture in viscous liquids. The flow stress in liquids is, 
of course, expected to be a sensitive function of strain rate - Newtonian 
viscosity is the simplest and most commonly used model of liquid behavior. The 
previous dimensional relations can be readily reproduced for a Newtonian 
viscous liquid with surface tension. 

Although somewhat of a digression, further comments on liquid fragmentation 
are of interest. Considering an incompressible Newtonian viscous liquid (flow 
stress Y = q k )  the characteristic dimension corresponding to Equation 10 at 
which spherical cavity growth is expected to destabilize is, 

Y h--  q& * 

A common viscous liquid glycerol has the properties y = 0.64 J/m2, 
q = 1.5 Pa s , p = 1210 kg/m and C = 1900 m/s . At a typical strain rate for 
dynamic spall of E = 104/s a length dOimension of h = 4 pm is calculated. In 
contrast liquid 3mercury for which y = 0.5 J/m , q = 0.00015 Pa s, 
p = 13,530 kg/m and Co = 1680 m/s, yields h = 33 mm at the same strain 
rate. 

2 

Viscoelastic response of liquids has previously been proposed to explain 
dynamic fracture in liquids [e.g. Grady, 19881. Viscoelasticity may in fact be the 
correct mechanism. However, the present explanation is based on an even 
simpler material response model, and relies on the competition of surface 
tension and viscous forces at high rates of loading to destabilize cavity growth 
and initiate fracture propagation. This alternative explanation has some 
appealing features. 

4 Similarities to Fracture in a Ductile Metal 

The dynamic fracture properties of a ductile metal bear a close resemblance to 
the characteristics inferred for a rigid-plastic body with surface tension from 
dimensional considerations (Equations 9, 10 and the discussion that followed). 
Rather than a surface tension, however, a ductile metal is characterized by a 
microstructural length scale h, which is a property of the material [Lawn and 
Wilshaw, 19751. Surface energy I' dissipated in fracture propagation is then a 
derived quantity from the plastic flow stress Y and the length scale h, through, 

r-n,. 
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Figure 4. Transition from cavitation-to-fracture dominated failure in a 
ductile solid. 

This relation replaces Equation 10 in the earlier derivation. 

Under a transient internal tensile environment activating cavity growth leading 
to fracture and fragmentation (spall), material behavior has similarities to that 
depicted in Figure 3 (see Figure 4). For cavity sizes less than h, nominally 
spherical cavity growth is stable. Spherical cavity growth for sizes greater than 
Am are unstable and degenerate to fracture growth with dissipation r- yh, 
confined to a fracture process zone with tip-opening displacement of order h 

"' If elasticity expressed by a modulus E is considered, a further characteristic 
length is determined by a balance of elastic energy and dissipation within the 
process zone, 

identifying the length of the process zone [Grady, 19881. 

Size scaling of fragmentation in systems composed of ductile metals exhibiting 
the above behavior will reflect these complexities in the failure processes. As 
the system size is varied from large to small, strain rates driving the 
fragmentation process will correspondingly increase from low to high. As strain 
rates increase, the characteristic fragment size will decrease through the range 
s > hpz to s - h to s - h, to s < h,. Within the range h, 5 s 5 hpz a transition 
from fracture-dominated fragmentation (S > hPz) to cavitation-dominated 
fragmentation (s<h,), as discussed above, is expected to occur. Such a 

P Z  
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transition in failure mode with size scaling has been demonsiated with the spall 
studies on aluminum of Christman et al. (1972) and discussed further in Grady 
(1988). Size scaling of a factor of six leads to a transition from cavitation to 
fracture in incipient spall studies. Micrographs of that work are shown in 

* Figure 5. 

,a) IMPACTOR THICKNESS = 0.25 mm 
TARGET THICKNESS =0.48 mm 
IMPACT VEtOClTY . = 345 m / s  

(b #PACTOR THICKNESS = 1.55mm 
TARGET THICKNESS = 3.02 mm 

= 2 3 2  m / s  IMPACT VELOCITY 

Figure 5. lnsipient spall experiments on 6061-T6 aluminum 
[Christman et al., 19711. 

The expected transition in fragment size (number) scaling rules is illustrated. in 
Figure 6. For small system size where cavitation dominates fragmentation the 
fragment number is predicted to be independent of scale, 

In contrast, for large system size where mature fractures dominate the 
fragmentation process, scaling is expected to follow, 

A continuous transition between the two scaling rules is expected over the 
range A,, I s I Apz. 

5 Numerical Fragmentation Studies 

A useful perspective on scaling in dynamic fragmentation is provided by 
molecular dynamics (MD) computer simulations of the fragmentation process 
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Figure 6. Transition in fragmentation scaling with system size due to a 
transition in fracture mechanism. 

[Holian and Grady, 19881. In that study a collection of Leonard-Jones particles 
was configured into a two-dimensional array of condensed matter and 
subjected to a constant homogeneous expansion rate C: until fragmentation into 
particle clusters (fragments) was achieved. The expansion rate was the 
principal parameter and was varied over more than one order of magnitude in 
five separate calculations. One example of this study is illustrated in Figure 7. 

Pursuing dimensional considerations, the fundamental properties of the 
Leonard-Jones material are the particle mass p and the quantities G and e 
which are the radius and potential well depth of a two-parameter two-body 
interaction potential. Combining with the expansion strain rate C:, the number of 
fragments per unit area rz is required to have the functional dependence, 

Thus the material response is sufficiently complex that dimensional 
considerations alone are insufficient to establish the unique functional form for 
the fragment number. An explicit relation for Equation 18 requires further 
theoretical development. Alternatively, investigation of the numerical results 
would provide the functional behavior of Equation 18 within the range of the 
parameters tested. 



1 1  

Figure 7. Molecular dynamics fragmentation of a two-dimensional 
array of Leanard-Jones particles [Holian and Grady, 19881. 

The latter numerical study is rendered more interesting through assumptions 
which provide simplification of the dimensional dependence leading to 
Equation 18. For example if it is assumed that fragmentation depends only on 
a measure of \he rate-independent flow stress Y -  e /02  and a reference 
density p - y/o for the Leonard-Jones material, then dimensional arguments 
lead to the exact functional dependence, 

n--(,>. 1 yo2&2 
2 

CT 

Probably a more reasonable assumption is dependence of the fragmentation 
on a Newtonian viscous flow stress (Y-q i :  with q - &e/o) and a reference 
density, in which case the functional dependence in Equation 18 becomes, 

2.2 112 
n - - ( T )  1 2 yo E . 

o 

Alternatively, if fragmentation is determined by a surface tension y- e / o  and a 
reference density, 

2.2 2/3 n - - ( T )  1 PCTE . 
2 o 

A measure of the fragment number results as a function of strain rate from the 
numerical simulations of Holian and Grady (1988) are plotted in Figure 8 and 
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compared with the functional forms in Equations 19-21. The computed 
dependence on strain rate would appear to agree most closely with 
Equation 21, suggesting that surface tension governs fragmentation in the 
present MD simulations, although the functional dependence based on 
Newtonian viscosity agrees relatively well also. 
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Figure 8. Fragmentation results from molecular dynamics simula- 
tions compared with functional dependence based on dimensional 
considerations. 

In the MD calculations a homogeneous strain rate was achieved through an 
initial velocity condition which maintained a constant velocity at the boundaries 
of the system. Consequently, 5: - V / L  and the series of calculations could be 
equally regarded as a study of the size dependence of fragmentation at a fixed 
velocity. Each of the relations in Equations 19-21 would imply different size 
scaling with the computer simulation most closely favoring Equation 21. 

6 Discussion and Conclusions 

The present brief examination of system size scaling in dynamic fragmentation 
from one point of view is not very encouraging for a simple solution to the 
scaling problem. Although very simple materials were considered here, the 
analysis clearly shows that size scaling will depend on specific fragment 
mechanisms. Consequently, different scaling rules for different material types 
should not be unexpected. 
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Further investigation of system size scaling in materials should focus efforts into 
understanding the mechanisms of dynamic fragmentation and possible 
changes in these mechanisms with deformation rates and scales. 
Microstructural length scales may play a role in mechanism transitions and 
possibly in scaling relation transitions. This appears to be the case for ductile 
metals where a microstructure length establishes dimensions of the fracture 
process zone. Fragmentation in materials with clear microstructure such as 
aggregate concrete or matrix composites should expect to reflect this 
microscale in failure mechanisms and scaling behavior. 

Computational methods such as the molecular dynamics simulations discussed 
here offer a unique method for investigation of fragmentation scaling 
characteristics. Computational methods such as finite difference, finite element 
or smooth particle hydrodynamics with more realistic solid dynamics material 
models may provide useful insight into dynamic fragmentation processes 
governing scaling behavior. 
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