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ABSTRACT 
Rigid polyurethane foams are frequently used as encapsulants to isolate and support ther- 

mally sensitive components within weapon systems. When exposed to abnormal thermal environ- 
ments, such as fire, the polyurethane foam decomposes to form products having a wide 
distribution of molecular weights and can dominate the overall thermal response of the system. 
Mechanical response of the decomposing foam, such as thermal expansion under various loading 
conditions created by gas generation, remains a major unsolved problem. A constitutive model of 
the reactive foam is needed to describe the coupling between mechanical response and chemical 
decomposition of foam exposed to environments such as fire. Towards this end, a reactive elastic- 
plastic constitutive model based on bubble mechanics describing nucleation, decomposition 
chemistry, and elastic/plastic mechanical behavior of rigid polyurethane foam has been devel- 
oped. A local force balance, with mass continuity constraints, forms the basis of the constitutive 
model requiring input of temperature and the fraction of the material converted to gas. This con- 
stitutive model provides a stress-strain relationship which is applicable for a broad class of react- 
ing materials such as explosives, propellants, pyrotechnics, and decomposing foams. The model 
is applied to a block of foam exposed to various thermal fluxes. The model is also applied to a 
sphere of foam confined in brass. The predicted mechanical deformation of the foam block and 
sphere are shown to qualitatively agree with experimental observations. 

* This work performed at Sandia National Laboratories. Sandia is a multiprogram laboratory operated by 
Sandia Corporation, a Lockheed Martin Company, for the U.S. Department of Energy under contract DE- 
ACO4-94AL85000 
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INTRODUCTION 
Determination of decomposition mechanisms and rate laws, thermophysical properties of 

thermally-damaged materials, constitutive stress-strain laws for degraded materials, and bench- 
mark experiments coupling chemical decomposition to mechanical response remains a major 
unsolved problem. The present work enhances our capabilities to understand the coupling 
between thermochemistry and mechanics by describing a stress-strain constitutive model for a 
reactive material and applying the model to a decomposing foam. Details on chemical decompo- 
sition of rigid polyurethane foam can be found in Ref. [l]. An overview of cellular solids can be 
found in Ref. [2]. 

CONCEPTUAL MODEL 
The Reactive Elastic-Plastic (REP) constitutive model coupling reactive chemistry to 

mechanics was founded on experimental observation of decomposition of an energetic material, 
TATB (2,4,6-trinitro-lY3,5-benzenetriamine). Figure 1 .A shows a 50X magnification of thermally 
degraded TATB showing evidence of macroscale pore formation [3]. The fully-pressed sample 
was confined with O-rings, heated 5 Wminute to 523 K, and held at 523 K for 1 hour before loss 
of confinement at -100 atm. The total mass loss was estimated to be -5%. Decomposition prod- 
ucts accumulate in defects or nucleation sites and contribute to local pressurization. This behav- 
ior has also been observed in decomposing HMX (octahydro-l,3,5,7-tetranitro-l ,3,5,7- 
tetrazocine) as shown in the highlighted HMX crystals in Figures l.B and l.C [4]. Similar 
behavior has also been observed in other organic materials such as closed-cell rigid polyurethane 
foam. Figures l.D and l.E show pristine and degraded closed-cell rigid polyurethane foam, 
respectively. The solid matrix material thermally expands and cracks to form defects where 
decomposition gases accumulate. These defects expand spherically as the foam decomposes. 
The physics associated with defect formation is not addressed in the present work. 

A region of space or element filled with a collection of bubbles is depicted in Fig 2. The 
unit cell in this element is used to model micromechanical bubble evolution in a porous reactive 
material. The time varying internal and external radius of the sphere are designated as a and b, 
respectively. In this simplified model, a represents the bubble defect size and b is related to the 
distance between defects. The inner sphere contains gas at the initial density, p i ,  which becomes 
supplemented by decomposition gases that mechanically load the skeletal condensed mass of the 
outer shell at an unstressed density of p:. The initial inner, a,, and outer, b,, sphere radius can be 
determined from the initial gas volume fraction, $,, and the nucleation site density, No, as follows: 

1 /3 bo = (3/4nNO) . 

An estimate of the initial porosity of the reactive material, $,, is required for the stress-strain rela- 
tionship to be discussed in the MODEL EQUATIONS section. The specific surface area of the 
thermally damaged reactive material can be determined from a and b. 



MODEL EQUATIONS 
The micromechanical model is given by the six algebraic equations shown in Table 1. 

These equations describe 1) the conservation of gas mass, 2 )  the conservation of total mass, 3) the 
gas-phase equation of state (EOS), 4) the condensed-phase EOS, 5) the force balance between gas 
pressure, solid pressure, and yield, and 6) the mixture pressure. The conservation equations for 
energy and species are not part of the micromechanics model since temperature (ZJ and the 
reacted gas fraction (F) are provided by the thermakhemical solver. Assuming T and F are 
known, the six equations have seven unknowns, producing a stress-strain relationship. The seven 
unknown parameters in the equation set in Table 1 are 1) stress, 0 , 2 )  strain, E, 3) gas density, pg, 
4) condensed-phase density, pc, 5) gas pressure, Pg, 6) condensed-phase pressure, P,, and 7) gas 
void fraction, $. 

The micromechanical model assumes that 1) defects are spherical, 2 )  gas- and condensed- 
phase temperatures are equal within elements, 3) gas- and condensed-phase densities are uniform 
within elements, 4) the material responds instantaneously to applied forces @e., viscous effects 
are negligible), 5) bubble inertial effects such as acceleration or ringing are negligible, 6) momen- 
tum exchange due to reaction is small, and 7) the reactive material is isotropic. The model is gen- 
eral such that any appropriate EOS can be chosen for the gas- and condensed-phases. Herein, the 
BKW-EOS [5] and Mie-Griineisen EOS are chosen for the gaseous EOS and condensed EOS, 
respectively. The BKW-EOS performs well at high gas pressures and is well-behaved at high gas 
densities. The Mie-Griineisen EOS accounts for thermal expansion and compressibility of the 
matrix material. At low pressures, the BKW-EOS and Mie-Griineisen EOS can be replaced by the 
ideal gas EOS and a thermal-elastic material with essentially identical results. The micromechan- 
ical model has no deviatoric stress components and cannot support shear deformation. 

The stress-strain relationship given in Table 1 is implicit in porosity, $. For a given E, F, 
pg , p, , $o, and yield, Y; @, and consequently -0, can be determined iteratively. The yield function, 
G($, Y), given by Carroll and Holt [6], has been modified to account for elasticity as follows: 

0 0  

E = 3K,(1- 2 ~ )  (4) 

where E: E, KT, and v represent yield strength, Young's modulus, bulk modulus, and Poisson's 
ratio, respectively. Figure 3 shows how the yield function varies with condensed volume fraction, 
(1 - @). As shown in Fig 3, the yield function is equal to zero when the gas volume fraction is 
greater than a critical gas volume fraction, is a history 
variable which accounts for hysteresis effects by keeping track of the minimum value of the gas 
volume fraction. The critical gas volume fraction is always less than or equal to the gas volume 
fraction which can no longer support Yield, E: is assumed to have the following tem- 
perature dependence. 

The critical gas volume fraction, 

where Yo, Trey and T,,, represent the initial yield, reference temperature, and melting point, respec- 
tively. 



SOLUTION TECHNIQUE 
Traditional mechanical analysis considers the stress field as a separate calculation for a 

specified thermal state. However, fully-coupled multidimensional thermal/chemical/mechanical 
analysis capability is under continued development at Sandia National Laboratories [7,8]. Figure 
4 shows a depiction of a fully coupled thermal, chemical, and mechanical code called TREX (pro- 
nounced teel-rgx). TREX is actually a driver program which couples a multidimensional thermal 
chemical finite element solver, COYOTE [9], to a three dimensional quasistatic finite element 
code, JAS [lo]. TREX uses an operator splitting technique whereby thermallchemical fields are 
advanced for a fixed mechanics field; then the mechanics field is advanced over the same time 
interval using the updated thermal/chemical fields. This technique provides for a rapid solution 
since the mechanical solver is inactive during the small time steps required by the thermallchem- 
istry solver. Common mesh and element basis functions and database structures are used which 
simplify communication between the solvers. 

The effects of material strain are manifested in COYOTE through a distorted mesh. Gaps 
can form between material interfaces and thermal contact resistance changes heat transfer paths. 
Stress is communicated back from the mechanics solver to the chemical kinetics routines as mix- 
ture pressure allowing pressure-dependent combustion mechanisms. Predicted spatial history 
variables include temperature, chemical species, principle stress, engineering strain, solid/gas 
pressure, solid/gas density, local yield stress, and gas volume fraction. The specific surface area 
of the thermally-damaged material can be estimated from calculated volume fractions given initial 
state information of nucleation density and defect size assuming no additional nucleation sites are 
generated. 

FOAM BLOCK 
Unconstrained mechanical boundary conditions impose a strong coupling between 

mechanics and thermal chemistry and are most consistent with the isotropic stress state imposed 
by the REP constitutive model assumptions. Heating of a block of unconfined, closed-cell, rigid 
polyurethane foam with dimensions 15.4 cm X 7.5 cm X 15.4 cm was simulated with TREX 
assuming that the foam chemistry was first order and that the heat of decomposition was negligi- 
ble. Typical thermal conductivity of rigid polyurethane foam was used in the simulation. Param- 
eters used to simulated the foam are given in Table 1. Figure 5 shows temperature and reacted gas 
fraction when the top of the foam was exposed to a net flux of 0.012 calls-cm2 and the sides of the 
block were exposed to a flux of 0.006 calls-cm2. The temperature located at the top corners of the 
block increase more rapidly than the temperature at the center of the block face due to larger sur- 
face areas. The higher temperature at the corners cause the foam to react and expand as the foam 
relieves thermally-induced and reaction-induced stress. The gas fraction at the edges of the block 
is 0.984 at 238 s. The shape of this block is very similar to a small block of foam, shown in Fig 6, 
exposed on the top surface to a plate which was radiatively heated [l 11. For example, the center 
of each face is concave. The concave geometry is caused by preferential heating of the corners of 
the block. As the gas fraction approaches 1, the foam will likely fracture and collapse at these 
highly strained regions. 

Figure 7 shows the effect of a radiative boundary condition on the shape and temperature 
distribution within the 15.4 cm X 7.5 cm X 15.4 cm block of foam. The top and the sides of the 
block was assumed to be radiated by a 1250 K blackbody temperature. Convective heat loss was 



also allowed on the sides. The bottom of the block was assumed to be insulated. Nonuniform 
heating leads to higher temperatures at the top corners and edges of the block. Thus, the material 
in the top corners of the foam react faster than the material in the center of the block. Since the 
mechanical boundary conditions are assumed to be free, the material expands to enforce mechan- 
ical equilibrium constraints. These expansion and shape changes are consistent with experimental 
observations [ 1 11. 

FOAM SPHERE 
Confined foam may be of more interest than a freely expanding foam. Chu and Gill [ 121 

have performed preliminary one-dimensional experiments where a two inch diameter sphere of 
polyurethane foam confined by brass was exposed to a fluidized bed at 250 C. Figure 8 shows a 
cross-section of the foam before and after heating for 5 minutes. The degraded foam under con- 
finement shows crushed pores near the outside edge of the foam sphere. Damage is also evident 
near the edge of the foam sphere in the form of popped bubbles. The holes in the bubbles have a 
regular pattern formed as the bubble diameters increase and interact with neighboring bubbles. A 
distinctive popping sound has also been observed when foam is placed on a hot plate. 

Figure 9 is a TREX prediction of spatially evolving gas volume fraction generated when a 
sphere of rigid polyurethane foam with an initial porosity of 0.73 is exposed to a 250 C constant 
temperature boundary. The radial location of the gas volume fraction is indicated on each curve 
in Fig 9. The “1” refers to the outside edge of the polyurethane foam sphere which is in intimate 
contact with the brass confinement. As the boundary temperature is elevated to 250 C, the brass 
reaches 250 C rapidly and the foam has a steep temperature gradient near the outside edge. Ther- 
mal expansion of the brass confinement causes the foam porosity to increase near the outside edge 
causing above the initial porosity of 0.73. As the foam increases in temperature, the material sur- 
rounding the defects starts to thermally expand prior to significant reactions. This causes the 
defect volume to decrease and the porosity to decrease. The decreasing porosity is labeled 
“crush” in Fig 9 to indicate that the volume of the bubbles are being reduced as the solid matrix 
material thermally expands. As soon as significant quantities of gases are produced, the bubble 
collapse stops and the bubbles begin to grow as shown in Fig 9 labeled as “expansion.” Such col- 
lapse and expansion of bubbles in a confined foam are consistent with experimental observations. 

SUMMARY AND CONCLUSIONS 
This paper presents a brief summary with examples of fully coupled thermal, chemical, 

and mechanical analysis of decomposition of rigid, close-cell polyurethane foam studies. This 
work is currently in development for simulating encapsulants used to isolate and support ther- 
mally sensitive components within weapon systems. The interaction between chemistry and 
mechanics has been modeled with a Reactive Elastic-Plastic (REP) constitutive model based on 
bubble mechanics coupled to decomposition chemistry and elastic/plastic mechanical behavior of 
rigid polyurethane foam. The behavior of the REP constitutive model is consistent with experi- 
mental observations of a closed-cell, rigid polyurethane foam exposed on the top surface to a plate 
which was radiatively heated producing damage leading to macroscale pore formation and shape 
changes. The major caveats related to the micromechanical model are the hydrostatic nature of 
the assumed stress tensor. 

A three-dimensional calculation with significant reaction has been conducted to simulate 
the thermal response of a closed-cell rigid polyurethane foam subjected to radiative surface heat- 



ing. Unconstrained mechanical boundary conditions led to expansion of the highly porous foam 
near regions of significant chemical decomposition. A one-dimensional simulation of a confined 
sphere of closed-cell rigid polyurethane foam was also simulated subject to a constant tempera- 
ture boundary condition. Collapse followed by bubble expansion were in qualitative agreement 
with experimental observations. 
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Table 1. Algebraic equation set for a reactive elastic-plastic constitutive model 

Gas mass continuity pg = p;@,[l + F ( h - l ) + W / @ -  1)1/(1 +E)  (1) 

Material parameter h = (pf/pi)(l/@,- 1) + 1 (1b) 

Reacted gas fraction 

Normalized gas mass 

Gas volume fraction 

F = (mass of gas prod.)/(initial cond. mass) (la) 

(IC) 

(Id) 

3 0 3  yJ = pga /p,a, = h- (h -  1)(1 - F )  
3 @ = a / b 3  

Total mass continuity Pc = P,(h/W- 1 ) 4 1 / @ -  1) (2) 

Gas-EOS P, = z p , R T / M ,  (3) 

BKW parameter x = P , K C Y ~ ~ ~ / M , ( T  + e)" (3b) 

(3a) Px BKW compressibility z = 1+xe  

Cond.-EOS (Mie-Griineisen) P, = p,T,C&( T - T o )  + K T [  ( - 1]/N (4) 

Force balance Cforces = o = - ~ , + ~ i + ~ , - 2 / 3 . ~ 1 n ( l / ~ )  ( 5 )  

Mixture pressure definition (6) G = { @Ps + ( 1 - @)P,} 



Parameter 

Tblack body 

Texternal 

$0 

Po 

Table 2. Parameters used in foam simulations* 

Black body temperature for simulation in Fig 7 

External temperature (sphere case in Fig 9) 

Initial gas volume fraction (foam sphere in Fig 9) 

Initial gas pressure 1 atm 

1250 K 

523 K 

0.73 

q” 

Exponent in Mie-Griineisen condensed-phase EOS 

Covolume in BKW gas-phase EOS 

Gas-phase molecular weight 

Flux on top of block for simulation in Fig 4 

5.0 

470 

33 k g h o l  

I 0.012 cal/s-cm’ 

Tref Initial or reference temperature 

q” 

300 K 

Flux on sides of block for simulation in Fig 4 

KT 

V 

I 0.006 cal/s-cm’ 

Bulk modulus in Eq. (4) 

Poisson’s ratio in Eq. (4) 

YO 

n 

C V  

P ” C  

N 

Initial yield in Eq. (5) 

Yield exponent in Eq. (5) 

Specific heat 

Initial solid density 

k 

A 

E 

I 1800 kg/m3 

Thermal conductivity of foam assumed to be close to air 

Preexponential factor for 1 -step decompositiont 

Activation energy divided by gas constant, 1-step kinetics 

6x10-5 cal/s-cm-K 

1 . 2 ~ 1 0 ~  sec-l 

11,000 K 

Tm I Melt temperature I 3000K 

137000 atm 

1 /3 

0.24 cal/g-K 

1 

0.248 cal/g-K 



List of Figures 

Fig 1. A) 50 X magnification of degraded TATB [3], B) scanning electron micrograph of pris- 
tine HMX [4], C) scanning electron micrograph of degraded HMX [4], D) 20 X magnifi- 
cation of pristine polyurethane foam, and E) 20 X magnification of degraded polyurethane 
foam. 

Fig 2. Conceptual model of the cross-section of spherical shell used to model micromechanical 
bubble evolution in a porous reactive material. 

Fig 3. Changes in the yield function with solid volume fraction showing hysteresis and elastici- 
tY. 

Fig 4. Schematic of the Thermally, Reactive, Explosive code, TREX, showing how the Reac- 
tive Elastic-Plastic constitutive model provides a coupling between thermallchemical 
analysis and mechanical analysis. 

Fig 5. TREX simulation of 15.4 cm X 7.5 cm X 15.4 cm foam block at various times with free 
mechanical boundary conditions exposed to a net flux of 0.012 calls-cm2 on the top, 0.006 
cal/s-cm2 on the sides, and insulated on the bottom. 

Fig 6. Photograph of a 2.54 cm X 2.54 cm X 2.54 cm block of rigid polyurethane foam exposed 
on the top surface to a plate which was radiatively heated. 

Fig 7. TREX simulation of a 15.4 cm X 7.5 cm X 15.4 cm block of foam with free mechanical 
boundary conditions exposed to 1250 K blackbody radiation on top, 1250 blackbody ra- 
diation on the sides with convection, and insulation on the bottom. 

Fig 8. Two inch (2.54 cm) diameter rigid closed-cell polyurethane foam confined by 1/2 inch 
(1.27 cm) thick brass confinement heated to 250 C for 5 minutes. The sphere on the left 
is the baseline or pristine foam. The sphere on the right is the degraded foam showing 
popped bubbles and crushed pores. 

Fig 9. TREX predictions of spacially evolving gas volume fraction of a sphere of rigid polyure- 
thane foam with an initial porosity, $o, or 0.73. The two inch (2.54 cm) diameter rigid 
closed-cell polyurethane foam confined by 1/2 inch (1.27 cm) thick brass confinement 
heated to 250 C for 5 minutes. The diameter of the foam and brass is 3 inches or 7.62 cm. 
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local element 

a: average bubble size 
b: distance between bubbles 
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