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Abstract 

We are attempting to characterize and model the micromechanical response of highly-filled 
polymers. In this class of materials, the continuous plastic binder used to bond the highly-filled 
material dominates the observed viscoelastic response. As a result, realistic lifetime analysis of 
these materials will require a thorough understanding of the contribution of the plastic binder. 

Laboratory applications of these materials include plastic bonded explosives, propellants, a 
variety of specialized filled organic materials for stockpile systems, and highly filled epoxy 
dielectric materials for the National Ignition Facility. 

We have explored numerous techniques to characterize the local microstructure of plastic bonded 
explosives. However, insufficient funding was obtained to bring these technologies to maturity, 
nevertheless our present tool set is significantly better than 2 years ago. 

We have also made some progress in developing an appropriate micromechanical constitutive 
modeling framework, based on a finite element method incorporating a cohesive zone model to 
represent the binder contribution within a Voronoi tesselation mesh structure for the PBX grains. 
A second modeling approach was used to incorporate analytical micromechanics (generalized 
self-consistent schemes). However, preliminary theoretical analysis strongly suggested that this 
approach would be invalid for such extremely high-filled systems like PBX. 



Introduction 

The mechanical properties of highly-filled polymers (HFPs) are generally dominated by the 
properties of the binder, because the binder is still a continuous phase, even at low 
concentrations. An example of this effect is shown in Figure 1. Here, the mechanical properties 
of a representative plastic bonded explosive (PBX) is shown to be highly dependent on relatively 
small changes in temperature. This particular system is composed of 95% high explosive (HE) 
crystals and 5% binder. Over the temperature range shwon, the HE crystals experience no 
significant change in properties, whereas, the binder experiences significant mechanical property 
changes. This is in large part because the binder has a glass transition temperature that falls 
within the range of operation. 
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Figure 1. Temperature dependence of tensile properties of PBX-LXl4. 

In general, HFPs are highly time-dependent and non-linear, with typical applications at LLNL 
requiring 30+ years of expected service. Long-term modeling will require accurate thermo-visco- 
elastic/plastic material models with the ability to capture microstructural / in situ properties of 
the constituents. Developing material models that can relate constituent properties to 
macroscopic composite properties have considerable benefits, especially in the case of energetic 
materials. Characterizing the polymer binder independently is simpler and with PBX, poses no 
safety concern. These tools would also facilitate the incorporation in models of any identifiable 
chemical or physical aging mechanisms, thus, forming a solid foundation for conducting 
accelerated aging studies on these materials. Furthermore, this suite of tools and models will 
enhance the prediction of the mechanical response of new HFP formulations, which in turn, 
could reduce the qualification time for the replacement of material components. 



This paper will discuss our efforts to characterize the local microstructure, to measure in-situ 
properties of the local volume, to measure binder constituent properties, and to perform 
micromechanical modeling. 

Microscopic Characterization of the Local Volume 

This task is associated with developing tools for determining the local microstructure of highly 
filled polymers. In extremely high-volume filled polymers like PBX, it has been difficult to 
distinguish the location of the binder phase. Traditional surface microscopy has not been very 
useful. The example shown in Figure 2 represents a LANL-developed polarized light 
microscopy image of a very thin wafer of PBX (which required considerable effort to produce). 

- 

Figure 2. Polarized light microscopy image for PBX from LANL. 

Micro computed x-ray tomography has been explored, but proved to lack the resolution 
necessary to clearly identify the binder. The best resolutions available are 3-5pm, which falls 
short of the requirement by better than an order of magnitude. 

Atomic Force Microscopy was also explored, but suffered from having incompatible tip designs 
for probing and identifying soft binder between the grains of high explosive. 

In order to improve our ability to characterize the local microstructure of PBX, this project 
applied the majority of its funding to purchase a new type of Scanning Electron Microscope 
(SEM) that can image organic based materials without the need to apply a thin layer of 
conductive coating such as gold. With regard to coating, our concern has been that the 
conductive coating would mask some of the microstructural features of interest. The SEM 
purchased was a LEO 438 Variable Pressure System, see Figure 3. LEO is the new name of 
Cambridge Instruments (developer of the first commercial SEM). This facility has only recently 
been approved for high explosive work. Some of the images that we have obtained with this 
system are shown in Figure 4 



Figure 3. a) LEO 438 Variable Pressure Scanning Electron Microscope located in 
building 191 HEAF, room 1500, b) configured in remote operation for high explosives, c) 
scanning chamber open revealing high explosive filters on turbo pump. 



Figure 4. SEM images obtained with the new LEO 438 VP. Note, all of the pictures shown 
were obtained without conductive coatings. Figure 4c) represents our first attempt at 
imaging a polish surface of LX17. This surface was hand lapped in an ice water bath to 
improve KELF polishing. We believe that the lighter colored material is the KELF binder. 
It appears light in this image due to electron charging. 



To further enhance our imaging capabilities we have begun to explore the use of stereo image 
capture and rerendering within the SEM. Modern software and tools developed for the computer 
gaming industry has made it very user friendly within the PC environment. Our preliminary 
work with 3D imaging on filled organics and mock explosives reveals significantly greater depth 
of field information. 

We also intend to explore tagging the binder with a stain or a higher density element during 
processing in order to enhance its contrast relative to the filler. 

In-situ Property Characterization 

A relatively new technique, “Atomic-Force Microscopy with Nano-Indentation” was explored to 
investigate the in-situ response (that is, to measure force deflection behavior) on mock HE. It 
became quickly apparent that current probe designs are grossly inadequate to determine the 
required in-situ properties. What is needed is to reduce the size of the probe diameter while at 
the same time increasing the probe length. Concurrently, we must also reduce applied forces 
from micro Newtons to nano Newtons. 

An effort was initiated to develop our own nano indentation system around a newly designed, 
high aspect ratio probe tip. Hardware was purchased for what was expected to be our base 
system foundation, including three stages of nano-meter motion control as well as hardware to 
develop a stereo microscopic viewing system for positioning the nano indentation probe on the 
material. 

Initially, we planned to measure the viscoelastic properties of the binder material in its position 
surrounding the HE. To do this, a special probe was needed to apply a constant force on the 
binder material and measure the displacement as a function of time. It is expected that the 
material will yield plastically as well as creep. We will also apply a constant strain to the 
material and monitor the relaxation in force required to maintain this strain. The forces, 
displacements, and time constants resulting from these measurements will be used in developing 
micromechanic s models. 

Insufficient funding was secured to continue much of this work under the LDRD Nevertheless 
some progress has been made in the development of the tool set. In some sense, commercial 
technology has passed us by, with the newly availabile nano indentation systems. 

Tech Base funding from the MicroTechnology Center was obtained to continue development of 
the high aspect ratio tip. For our applications, we need a probe with a circular contact area 
having a diameter of 0.1 pm and a shaft length of 2 pm. Silicon micromachining was used to 
fabricate this probe. The tip has a radius of - 1.5 nano meters. Just recently this new nano tip was 
installed in a traditional AFM. Our recent scans on mock HE have been very encouraging, with 
the results shown in Figure 5. In these results, color is used to denote surface height. 

Additional progress has included demonstration of stereo microscopic imaging tools, as well as 
development of a baseline labview control system for the nano mover stages. 
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Figure 5. Atomic Force Microscope scans using the recently developed nano-tip probe. 



Characterization of Binder Constituent Properties 

The objective of this task was to determine the mechanical properties of the individual 
constituents for the selected material systems. For the case of PBX, our focus was on 
characterizing the response of the E L F  binder used in LX17. Other groups are attempting to 
characterize the elastic properties of the explosive crystals. Characterizing the mechanical 
response of binders is not a trivial task. These materials are very soft and require self-supporting 
grips to prevent premature deformation or bending of the specimen. Furthermore, since the glass 
transition temperature is spanned by the operating temperature of this system, temperature 
control during testing is very critical. This has required the installation of water bath temperature 
controls for maintaining temperature stability, especially at any temperatures near and below 
22°C. 

A suite of thermal creep data has been generated on the KELF binder. These results are shown 
in Figures 6 and 7. This data was converted into compliance data as shown in Figure 8. 
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Figure 6. KELP binder tensile creep at 15°C temperature. 
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Figure 7. Variation in the thermal tensile creep response of KELF at 20 psi . 
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Figure 8. KELF creep compliance data. 



For use in finite element material modeling codes, compliance data must be recast into 
relaxation modulus data using the following inversely proportional relationship: 
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where D(s) is the creep compliance in Laplace space, E@) is the relaxation modulus in Laplace 
space, and the - indicates the Carson transform. The inverse Laplace transform (I.L,T.) was 
taken of E(s) in order to get the relaxation modulus as a function of time. The I.L.T. was 
performed two different ways - analytically and using Schapery's Direct method [l]. The 
different curve fits and different I.L.T. methods were utilized in order to make comparisons and 
thereby decide which method would be the best. The predicted relaxation moduli are shown in 
Figure 9. 
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Figure 9. Predicted relaxation moduli for KELF binder. 

Since the values of the relaxation moduli at the different temperatures differ so greatly, the 
higher temperatures do not show up well on Figure 10. However, this graph shows the potential 
for making the master curve of the binder. By using a shift factor and a time scaling factor for 
the relaxation moduli at different temperatures, the master curve can be obtained for the binder. 
The shift factor is typically calculated using different methods for above and below the glass 
transition temperature (Tg) [2,3]. Below T,, the Arrhenius relation can often be used: 



where aT is the shift factor, AF is a constant activation energy per gram mole when R = 1.987 
(cal/g-moleOK) and TM is the reference temperature. Above T,, the WLF form is often used: 

loga, = -C,(T-TL,) 
C, +T-TM 

where C1 and C2 are constants. T, of this material is around 25C, so all except the 35C data will 
be shifted using the Arrhenius form. 

These transformations are made in order to model the thermorheologically simple 
thennoviscoelastic material properties of the PBX 

Micromechanical Modeling 

In our micromechanical modeling effort we are assessing the merits of two different approaches: 
analytical micromechanics (a composite spheres model) and finite element analysis. Common in 
all methods is the desire to develop a representative local volume element of material. 
Theoretical analysis of the former analytical approach suggests that method would be 
inappropriate for modeling extremely highly-filled systems like PBX. The discussion of this is 
given below. 

Ineficiency of Analytical Micromechanics (Composite Sphere Model) 
for Material System with Inclusions of High Volume Concentration 

A very small or large volume concentration formula for heterogeneous material can be validly 
obtained from the analytic solutions of classical micromechanics by truncating the higher order 
terms of volume fraction of the inclusion or that of matrix. However, it has been assumed in the 
theoretical micromechanics analysis that the contact length between particles (called 
‘contiguity’) is always zero for all concentrations, no matter what the configuration of the 
inclusion is. Clearly, this assumption cannot be expected to hold for the case of PBX. Below is a 
citation from a well known work in the field of theoretical micromechanics; 

“A fundamental assumption made in this work is that of zero contiguity. Obviously, this 
cannot be true for a real material. The contiguity is an increasing function of the fractional volume 
of inclusions and can be expected to be very small only in the case of small concentration. When 
the concentration is close to unity it would appear more reasonable to assign the role of matrix to 
the inclusion material and that of inclusions to the matrix.” [4] 

The suggestion about switching the roles of inclusions and matrix does not seem to be reasonable 
even when no damage is introduced, since the inclusions (explosive particles) have elastic 
material behavior whereas the binder material (matrix) behaves viscoelastically. Once damage 
evolves and cracks propagate in the matrix, this proposed role reversal continues to be 
unrealistic. 



Aside from the contiguity problem, there are other difficulties in using analytic estimation to 
obtain the effective moduli. It is commonly believed that whenever the difference in moduli 
between inclusions and matrix materials is not too large, the upper and lower bounds will be 
close together. However, in such an extreme case as PBX, the bounds are not close enough to 
provide a good estimation of an effective moduli of the composite. 

Analytic theory has another discrepancy. The composite spheres model cannot account for the 
size deviation effect and irregular shape effect that play critical roles in estimating the effective 
material properties. Inclusion particle sizes in PBX show large scatter. In addition, it has been 
shown that the inclusion particles in PBX have various irregular shapes and most of them are of 
sharp configuration. Wherever the explosive particles have sharp corners or acute angled edges, 
a stress concentration is expected. These stress concentrations will make damage evolve in the 
binder material, and the damage evolution consequently leads to more stress concentrations. 
With the composite spheres model these effects are not accounted for, so that the subsequent 
prediction of damage evolution will necessarily be erroneous. For these reasons, finite element 
methods are being studied in this research with the expectation that they will better predict 
damage dependent, effectively averaged properties for PBX. 

. 

Finite Element Approach 

In our finite element material modeling effort we are utilizing Voronoi tessellation mesh 
structures [5,6,7] to simulate the distribution of the highly-filled component and a cohesive zone 
model [8,9] between each component. The fundamental idea in this approach is to reduce the 
effects of the extremely low volume material to that of a line function in the finite element mesh, 
thus avoiding the tremendous memory penalty for modeling both grains and binder. The later 
method of modeling both grains and binder from a pure continuum sense within the finite 
element algorithm will be explored in the future. It is essential to have correct material properties 
for the line function. (This approach might be considered similar to having a tied slide line, as in 
NIKE, except the line will have constitutive properties). The advantage of the cohesive zone 
model, which contain double nodes at each point, is in the facilitation of simulated damage 
(fracture between the grains) in our representative local volume. Homoginization of the 
boundary response (with or without damage) leads to a set of representative properties. 

For our particular case the highly-filled component is the explosive grains, and the low 
concentration material is the viscoelastic binder, KELF. 

Two meshes, shown in Figures 10, will initially be used to model the material. They are double 
noded meshes with 30 grains and 100 grains, respectively. Since the material has such a high 
volume fraction (-92%), a refined mesh with a finite space between grains is difficult to 
generate. Therefore we are using these meshes with a cohesive zone model and zero opening 
dimension in the undefonned configuration along the grain boundaries to model the binder. The 
relaxation moduli obtained through the method described previously are fitted using a Prony 
series that is used in the cohesive zone model. The characteristic length scale of the cohesive 
zone and the Young’s modulus of the particles (grains) are still unknown but are necessary if we 
hope to achieve an accuracy in our finite element models. Preliminary properties for the elastic 



behavior of the explosive grains will have to be initially estimated by backing them out from 
measured PBX global properties. 

Figure 10. Preliminary Voronoi finite element mesh structures for PBX. Mesh a) is a 30 
grain and 97 element model. Mesh b) is a 100 grain and 292 element model. One 
of our goals is to determine the convergence of mesh refinement. 

Summary 

This project has served to further the development of those tools necessary to characterize 
highly-filled polymers. When further developed and linked together with the viscoelastic 
modeling tools, this methodology will provide a basis for estimating the useful lifetime and 
identifying any age-related problems for these materials. 
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