
LA-UR-04- 15 5% 
Approved for public release; 
distribution is unlimited. 

Title. 

A uthor(s). 

Submitted to. 

/’ 4 I 

Los Alamos 

CONSTITUTIVE BEHAVIOR OF PARTICLE-POLYMER 
BINDER COMPOSITE 

Duan Z. Zhang and Xia Ma, Fluid Dynamics Group (T-3), 
Theoretical Division 

5th International Conference on Multiphase Flow, ICMF ‘04 
Yokohama, JAPAN 
30 MAY - 4 JUN 2004 

N A T I O N A L  L A B O R A T O R Y  
Los Alamos National Laboratory, an aff irmative action/equal opportunity employer, is operated by the University of California for the US. 
Department of Energy under contract W-7405-ENG-36. By acceptance of this article, the publisher recognizes that the U.S. Government 
retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or to allow others to do so, for US. 
Government purposes. Los Alamos National Laboratory requests that the publisher identify this article as work performed under the 
auspices of the US. Department of Energy. Los Alamos National Laboratory strongly supports academic freedom and a researcher’s right to 
publish; as an institution, however, the Laboratory does not endorse the viewpoint of a publication or guarantee its technical correctness. 

Form 836 (8100) 

About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.

For additional information or comments, contact:

Library Without Walls Project
Los Alamos National Laboratory Research Library
Los Alamos, NM  87544
Phone:  (505)667-4448
E-mail:  lwwp@lanl.gov



5th International Conference on Multiphase Flow, ICMF04 
Yokohama, Japan, May 30June 4,2004 

Paper No. 156 

Constitutive Behavior of Particle-Polymer Binder Composite 

Duan Z. Zhang, Xia Ma 

Los Alamos National Laboratory, Theoretical Division, Fluid Dynamics Group, Los Alamos, USA, dzlianrz@lanl.cov 

Abstract A particle-binder composite can behave as a continuum solid and can also exhibit significant 
characters of dense granular flow depending on deformation conditions. When it behaves as continuum solid, 
polymer binder properties, especially the short time stress relaxation, significantly affects shock wave 
propagation through the composite. A constitutive model has been developed to account for the effects of the 
short time stress relaxation. The model compares well with experimental data. The model however does not 
consider the failure mechanisms of the material. The failure of the material closely depends on the 
manufacturing process. During the manufacturing process the binder bounding particles has not been cured 
while during the material failure process the binder bounds have already been destroyed or significantly 
weaken. Under these circumstances the composite flows like a dense granular material. The methods used 
in the studies of dense granular flow are introduced to study the particle-binder composite. Effects of inter- 
particle forces on the macroscopic behavior of the material are studied. We find that the commonly used 
Voigt assumption in the study of composite materials is invalid for the particle-binder composite. Cohesion 
forces between particles determine the brittle or ductile behavior of the material during the failure process. 

1. Introduction 

Many composite materials are made by mixing particulate powder together with a small 
amount of polymer. At room temperature the polymer acts as a binder holding the solid particles 
together, while in the manufacturing process, the polymer is often heated, and acts as a lubricant to 
enhance the fluidity of the particulate powder. The quality of the final product not only depends on 
the properties of the polymer and particles but also depends on the manufacturing process. 
Depending on the difference working environments, the particle-binder composite may behave as a 
continuum or possess strong characters of dense granular material. Typically the characters of dense 
granular material are prominent when relative motion among particles is significant. This typically 
happens during the manufacturing process where the loose powders are pressed tightly together to 
form a dense solid and during the material failure process where particles are pulled apart. We are 
currently developing numerical models to simulate both the continuum behavior and the granular 
behavior of the material. 

Although in many of such composites, polymer only occupies a few percentage of the volume, the 
behavior of the polymer significantly affects the macroscopic behavior of the composite from the 
manufacturing process to the application of the final product, because forces between particles are 
transmitted through the polymer. Typically, particles in such a composite have large elastic 
modulus compared to the polymer. The macroscopic deformation comes mostly from the 
deformation of the polymer. As a consequence, the microscopic strain rate imposed on the 
polymer is an order of magnitude larger than the macroscopic strain rate. Often the polymer is a 
rate dependent material. This amplified microscopic strain rate on the polymer makes the 
constitutive behavior of the composite material more sensitive to the macroscopic strain rate than 
the polymer itself. For high strain rate loadings, especially for shock loadings, the polymer 
behavior at high strain rates is critical. A strain rate dependent constitutive relation for the polymer 
is introduced based on an earlier study of the statistical theory of molecular interactions in solid 
polymers. Different from other constitutive models for polymers, the constitutive relation 
developed considers non-uniform deformations of the polymer chain segments. This non- 
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uniformity causes the stress relaxation for short time decays as l /& instead of exponential as in a 
Maxwell model. The polymer 
constitutive relation used in this study compares well with experimental results at various strain 
rates. Based on the polymer constitutive relation, a composite model is developed for the particle- 
binder composite. Comparison of the model predictions with experiments finds that the model 
yields excellent predictions for impact experiments before the material failure. 

Exponential stress decay is found for long relaxation times. 

However it is found that the model is inadequate to predict the failure of the material. The failure 
process of the material strongly depends on the manufacturing process of the material. During the 
manufacturing and the failure processes the material exhibits many characters of dense granular 
flow. For this reason, we are currently using the theoretical method and numerical tools developed 
for dense granular system to study them. Some findings are reported in the last section of this 
article. 

2. The Polymer Characterization 

The polymeric binder is modeled as a network polymer. A polymer segment in the network is 
surrounded by other polymer segments and smaller molecules. Mechanically, the behavior of a 
polymer segment can be modeled as a linear spring immersed in a viscous fluid (Zhang et al. 2000). 
The spring represents the thermal elasticity of the polymer segment, which is proportional to the 
absolute temperature. The viscosity represents the friction between the polymer segment and its 
surroundings. In the beginning of a high strain-rate motion, deformation of the segments 
concentrates near the ends of the segment then spreads toward the center of the segment. This non- 
uniform deformation results in the departure of the constitutive relation of the polymer from the 
traditional network theory. The stress in the polymer can be written as 

0 = I,[ti-(&)I + 2&] + a;l,s : K, ( J  tr[&(t’)lI + 2&(t’)}dt’, (1) 

where 1, is the Lam6 coefficient, E and i: are the strain and the strain rate tensors, and K ,  is the 
stress relaxation kernel. For a wide range of strain rates the kernel can be written as - 

co 

K ,  = - 1+2Cexp(-k /:[ k=l  

with a single relaxation time z . For a small time(t/.t << 1) , the function K ,  decays as 1/&. This 
stress relaxation is faster than an exponential function. Using Poisson’s summation formula, we 
can write the kernel in another form as 

ea 

K ,  = 2xexp(-n2k2t /z) .  (3) 
k=l 

In this form, it is easy to see that the kernel decays exponentially for large time ( t / z  >> 1) . These 
predictions of the stress relaxation are observed in experiments as shown in Figure 1. Figure 2 
shows the l /& part of the kernel for short time relaxation. The experimental results shown in 
these figures are obtained by pressing a nitroplasticized Estane cylinder and then holding the strain 
(Zhang et al. 2000). 
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Fig. 1 Predicted stress relaxation kernel compared with experiments. 

To demonstrate the short time stress relaxation, the results in figure 1 are plotted in a log-log scale 
in Figure 2. The fact that experimental data approach a straight line with slope -l/2 as the time 
approaches zero confirms the I/& decay of the relaxation kernel. 
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Figure 2. At short time stress relaxes as f”‘. 
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In a high-speed impact experiment, if the time scale of the physical process is short compared to the 
relaxation time z of the polymer, the long time behavior of the kernel can be neglected and the 
kernel can be simply approximated by 

3. Behavior of the Composite Studied as a Continuum 

Using the polymer model, a constitutive model is developed for the particle-binder composite). 
In the composite model, particles are assumed to be elastic. The spatial structure of the composite 
is idealized as a cube of the composite of size b containing a cubic particle of size a .  The ratio 
a3/b3  is set to be the particle volume fraction 8 of the composite. This cube of the composite is 
subjected to a uniaxial strain as in the plate impact experiments (Dick et al. 1998). With these 
approximations the stress om in the composite can be calculated as (Zhang, 2003). 

o ,,1 = (1  - e Z / 3 ) ~ ,  + e 2 ,  

where E, and &, are the strain and the strain rate of the composite, A,,and G,, are the Lam6 

coefficients for the elastic particles. The strain &*is determined by the solution of the following 
integral equation. 

3.58113 t + ( A p  + 2 G  )(l - ell3) t2  ( f ’ ) K e  ( t  - t ’ ) d t  ’ = ( 2  + 2 G  ) E ~ ~ ~  
3 4 6 1  13 

P P P 

Although the model for the composite does not consider complicated particle arrangement and its 
effects on particle binder interactions in the composite, it correctly accounts for the stress relaxation 
in the composite and results in excellent agreements between the model predictions and 
experimental results. This constitutive relation is used to calculate a plate impact experiment. The 
experiment setup is schematically shown in figure 3. In the experiment the flyer plate and the 
target is made of the same material. At time t = 0, the flyer impacts on the target and generates a 
shock wave propagating through the target plate. If the material were perfectly elastic, the wave in 
the material would be a square wave. The distortion of the wave carries information about the 
constitutive relation of the material. 
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Flyer Plate Target 

Velocity Gauges 

Fig. 3 Setup of the flyer plate experiment. 

In the experiment the velocity profiles are measured by sensors imbedded at various locations in the 
target plate (Dick et al., 1998). Figures 4 to 6 show the comparison of model predictions and the 
experimental results. The velocity run-up times in the figures are the time for the shock to reach 
the sensors. Smooth curves in the figures are the model results and the jagged curves show 
measured values. The decrease in velocity is a result of the rarefaction wave reflected from the left 
surface of the flyer plate. 
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Figure 4. Velocity profiles for impact speed of 132.2 d s .  
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Figure 5. Velocity profiles for impact speed of 240 d s .  

Figure 6. Velocity profiles for impact speed of 440 m/s. 
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4. Behavior of the Composite Studied as a Dense Granular Material 

Although the constitutive relation above captures the wave propagation in the material, it does not 
take into account of the effects of debounding of the binder on the particle surface and fracturing of 
the particles. Therefore it cannot be used to consider failure processes of the material. Further 
experimental studies suggest that the strength of the bound on the particle surface depends on the 
manufacturing process during which particles are mixed with the polymer binder and then press the 
loose powder into a dense solid. During the process the composite undergoes irreversible 
deformations. The irreversible deformation comes for three main sources (Skidmore 1998). at 
difference stages. At the first stage, the composite material is in a form of loose powder. The most 
part of the irreversible deformation results from squeezing out air in the system. During the second 
stage the composite is in the form of a dense granular state, and rearrangement of particle positions is 
the main source of the irreversible deformation. The third stage of the compaction involves plastic 
deformation and cracking of the particles. To represent the granular nature of the material we extend 
the method developed for dense granular flows to examine the behavior of the particle-binder 
composite. The method is applied to study the powder compaction process and the failure process. 

I 

u) 
u) s! 
Gi 

6.65 0.66 067 068 0.69 0.7 0.71 0.72 
Volume Fraction of Grains 

Fig. 7 Stress relaxation during cyclic loadings. 

The first task in using the granular flow approach to study the composite is to establish the 
relationship between the particle interaction force model and the macroscopic constitutive relations of 
the material. For this purpose, we first numerically simulate an assembly of spherical particles 
placed in a cell with period boundary conditions. We assume that particles have an identical size. 
During the compaction process, the strain rate is low compared with the inverse of stress relaxation 
time l / i o f  the binder polymer. For this reason, the time integral part of the stress (in Eq. 1) in the 
polymer can be models as a viscous term. The particle-binder-particle interaction is then modeled as a 
parallel connection of a linear spring and a dashpot between a pair of neighboring particles. To 
simulate dynamic uniaxial compression on the material. the length of the periodic cell is changed 
sinuously with time. Figure 7 shows several cycles of such loading and unloading process. The 
initial particle volume fraction is 0.6. As the cell is compressed, the particle volume fraction 
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increases. In this figure, for particle volume fraction less and 0.668, the particle system offers little 
resistance to the compression. Significant resistance starts at volume fraction about 0.668 as shown 
in the figure by the green curve. The particle system is compressed to volume fraction of 0.71 and 
then released to volume fraction 0.674 before the next cycle of load is applied. The result of each 
loading cycle is plotted in the figure by different colors of lines. This figure shows that the peak stress 
is reduced at each sequential loading cycle. This is a result of the particle rearrangement during the 
loading cycles. After 5 cycles, the material can stay at volume fraction of 0.682 without significant 
stress instead of the volume fraction 0.668 before the cyclic loading. It is also obvious that the 
stress-strain relation for the particle system is history dependent. 

600 - 
3 -  
CI E -  
m -  

400 - 

E, ("/.I 

Fig. 8 Stress-strain relations for particle-binder composite. 

Different from the simulation of the powder compaction process, to simulate the mechanical behavior 
of the compacted composite we assumed that particles are connected by springs and dashpots to their 
neighboring particles. The springs and the dashpots are undeformed at the initial state. For small 
deformation the composite behaves as an elastic material. The Young's modulus and the Poisson's 
ration can be obtained from numerical simulations. To compute these elasticity constants, we first 
generate a statistically homogeneous and isotropic particle distribution. This goal is achieved in two 
steps. In the first step we use a random number generator to generate particles positions in a 
sufficiently large box with periodic boundaries and no particle overlap is allowed. In the second step 
a small strain rate is impose on the particles and on the box to shrink particles toward the center of the 
box and to reach a specific particle volume fraction. During the shrinking process the repulsive 
inter-particle forces are used to keep particles apart from each other. At the end of these two steps 
particle velocities are set to zero. To simulate uniaxial compression and tension in x-direction, we 
place the cell center at the origin of the coordinate frame and assign x-component initial velocity to 
each particle as Lrvx, where Lrv is the strain rate in x-direction. The box size in x-direction is also 
changed according the strain. The equations of motion for particles are then solved to determine 
their velocity and then advance their positions. At the end of each time step, we use the least square 
method to fit particle velocities into the linear profile L'x and then the particle velocity is adjusted 
by adding [ L ( f )  - i ' ] x ( f ) .  In this way the mean strain rate of the particle assembly is adjusted to the 
imposed strain rate at that time while the fluctuation velocity component of each particle is kept 
unchanged. This is equivalent to apply a body force to each particle to enforce the mean strain rate. 
The other approach to simulate the uniaxial deformation is simply move the periodic boundary 
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according to the specified strain rate. For small strain rates, the results obtained from both approaches 
are almost the same. For high strain rates the latter approach generates stress waves and non-uniform 
deformation in the computation cell and the averaged stress depend on the size of the cell. The latter 
approach actually simulates the structure response of the particles but not the constitutive relation of 
the material. To avoid this disadvantage, the first approach is used in this paper. The largest stress 
found is oc, and the stresses in other two directions are almost the same as shown in figure 8. The 
shear stress is always small in the entire deformation process. This indicates that the initial particle 
positions are nearly isotropic. 

One interesting finding in our numerical simulation of the composite is that the central force between 
particles does not ensure the Poisson ratio to be 1/4. That Passion’s ratio can only be obtained if the 
pairs in the computational cell deforms according to the Voigt assumption. For an isotropic and 
homogeneous continuum solid, this assumption is of course true, but for inhomogeneous material 
such as particle-binder composite, this assumption is not true. Henderson et al. (2001) recently have 
also shown that Voigt assumption is inadequate in describing deformations in a dense granular 
system. According to the Voigt assumption for a pair of points in the material, the relative 
displacement is &or, where E is the macroscopic strain and r is the distance vector between the 
two points. The normal deformation is then n.E.r  where n = r / r  . While this is true if the 
distance between the two points is large compared to the typical particle size. However for relative 
deformation between a pair of interacting particles the normal deformation is less than n . & . r  in 
compression, because the normal force between the particles resists the relative normal displacement. 
To accommodate the macroscopic motion, particles move more along the tangential direction on their 
surfaces as illustrated in the figure below. Suppose that two particles are initially in positions colored 
blue and red. If the pair of particles follows the Voigt assumption, after compression in a vertical 
direction, the red particle will be in the position indicated by the dashed circle. The normal 
deformation produces a large normal force that repels the income particle. Therefore the relative 
position of the red particle after deformation is more likely to be in the position indicated by the black 
circle. 

... 

Fig. 9 Relative motion between neighboring particles 

The lateral motion of the red particle results in an increased Poisson’s ratio. Therefore the Poisson’s 
ratio for frictionless particles is greater than 1/4. An increase of the friction between particles 
decreases the tangential motion and reduces the Poisson’s ratio. This effect is shown in figure 10. 

Cohesive forces between particles are found to be important in the failure process of the material. 
Without sufficient cohesiveness, the material fails as a brittle material; while with sufficient 
cohesiveness the material fails as a ductile material. Figures 11 and 12 show the comparison of the 
different failure modes. The figures are results from our simulation of a Taylor impact experiment. 
In the experiment a cylinder made of the material is driven into a flat surface to observe the patterns 
of failure and deformation. Without cohesive force, our simulation shows that the material shatters 
as shown in figure 1 1 .  With cohesions between particles the cylinder sustained large plastic 
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deformation and not fractured. The particle color in the figures represents the magnitude of the 
compression force acting on the particle. 

Friction Coeffclent 

Fig. 10 Effect of friction on Poisson's ratio of the composite. 

3 
Fig. l l  Brittle failure of the composite without cohesive force between particles. 
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Fig. 12 Ductile failure of the composite with cohesive force. 

Summary 

Depending on the deformation and deformation rate, particle-polymer binder composite can 
behave as a dense granular material and as a continuum solid. Typically the granular behavior is 
more prominent when bound among particles provided by binder is weak. This happens during the 
material failure process and the manufacturing process when loose powder of pol ymer-coated 
particles is pressed into a dense solid. This article describes processes of developing constitutive 
models for the material under different strains and strain rates. Numerical simulations are performed 
both at the particle level and at the macroscopic level. Results on the macroscopic level are 
compared to experiments and excellent agreements are obtained. To study the effects of the 
manufacturing process on the mechanic properties and to study the material failure processes, 
methods used in studies of dense granular flows are employed. While application of these methods 
is still in a trail stage. qualitative agreements between the numerical results and experimental 
observations are obtained. Effects of particle interactions on the macroscopic behavior of the 
material are studied. The cohesion forces among particles are found to be important in determining 
a brittle or ductile failure of the material. Different from continuum solid theories, we find that the 
central force between particles does not ensure Poisson's ratio to be 1/4. For an isotropic material 
Poisson ratio is 1/4 only if the relative motion between particles obeys Voigt assumption, which is 
not the case in dense granular materials. 
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