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MESOSCALE MODELLING OF SHOCK INITIATION IN WMX-BASED 
EXPLOSIVES 

Roberta N. Mulford and Dannian C. Swift, 
E 530 Los Alarno~ National Laboratory, Los Alamos, New Mexico $7545 

Hydrocode calculations we used to simulate initiation in single- md double-shock experiments on several 
HMX-based explosives. Variations in the reactive behavior of theee materials reflects the differences between 
binders in the material, providing information regarding the sensitivity of the explosive to the mechanical 
properties of the constituents. Materials considered are EDC-37, with a soft binder, PBX-9601, with a 
relatively malleable binder, and PIBX-9404, with a stif€ binder. Bulk reactive behavior of these materials is 
dominated by the HMX component and should be comparable, while the mechanical response varies. The 
reactive flow model is temperature-dependent, based on a modified Arrhenius rate. Some unreacted material 
is allowed to react at a rate given by the state of the hotspot rather than the bulk state of the unreacted 
explosive, according to a length scale reflecting the hotspot size, and a time scale for thermal equilibration. 
The Arrhenius rate for HMX is wsumed to be the same for all compositions. The initiation data for dXerent 
HMX-bwd explosives axe modelled by choosing plausible parameters to describe the reactive and dissipative 
properties of the binder, and hence the behavior of the hotspots in each formulation. 

INTRODUCTION 
We are developing reactive flow models in- 

tended to have a wide predictive capability cov- 
ering composition and morphology, while be- 
ing reasonably efFicient for design simulations. 
Temperature-dependent reactions, based on an 
Arrhenius decomposition rate in the bulk explo- 
sive, could be used to reproduce aspects of the 
shock desensitisation observed in KMX-based ex- 
plosives (1,2). The Arrhenius parameters were 
adjusted from the values obtained from ther- 
mal decomposition experiments (3) to reproduce 
shock initiation; the amount by which they were 
adjusted wm less for better treatments of the mi- 
crostructure. The most significant omission from 
the previous model was any explicit treatment of 
plmtic work. 

Here we present further additions to the mi- 
crostructural model, and applications to HMX- 
based explosives where differences in the mi- 
crostructure correlate with differences in inititlr 
tion properties (4). This model has also been 
used to simulate highly non-ideal explosives (5)  

REACTIVE FLOW MODEL 
For continuum mechanics simulations, explo- 

sive material wa8 represented a8 a heterogeneous 
mixture of components. Each component was 
represented by its volume fraction f ,  a thermody- 
namically complete equation of state (EOS), and 
a constitutive model if possible. (In the models 
used previously, the only components considered 
were ‘unreacted explosive’ and ‘reaation prod- 
ucts’ with no distinction between explosive and 
binders.) The mixture was allowed to  equilibrate 
in pressure and temperature, with an exponential 
relaxation rate towards the mean value, Pressure 
equilibration was assumed to be ieentropic. 

Local Arrhenius reaction rates were used, 

A = .&J exp(-T*/T), (1) 
as this fonu is the most appropriate for dierni- 
c d  processes. An additional hotspot term was 
included, whereby materid at the surface of re- 
active components was burnt at the temperature 
of the adjacent component. The area of pairs of 
components in contact with each other were ex- 
pressed BB funct4ons of their volume fractions. 



The increased plastic flow around internal 
pores was modelled by simulating the evolution of 
the state of the component adjacent to the pore, 
M well as its bulk state. The velocity gradient 
tensor applied to the pore wall was modelled as 

where M is B 3 x 3 strain mapping matrix and 
x(p/po) a compression factor, This model can be 
used to simulate hotspots originating from shear 
bands or brittle failure rather than bulk plastic 
work, by modifying the form of the equation or 
the values of its parameters. 

CALIBRATION AND POP PLOTS 
Thermodynamically complete EOS for con- 

densed components were estimated hom a me- 
chanical EOS (generally obtained from shock 
wave data) and a constitarit heat capacity. A single 
point on the cold curve was estimated, and the 
mechanical EOS used to estimate the rest of the 
curve by integrating pdv work. Steinberg’s cu- 
bic Griixieiseri forrn(6) was used to fit non-linear 
shock data. 

The time constant r, for preissure equilibm 
tion was chosen by estimating the characteris- 
tic time for sound to pass a few times across a 
‘typical’ grain in the microstructure. For HMX 
grains a few tens of pm in size, this implies that 
rP w 0 .1~s .  The time constant for thermal 
equilibrium was estimated to be about an order 
of magnitude larger. 

The density of common area between compo- 
nents i and j was estimated as 

(3) 

normalised to the approximate vrdue 

a(1/2,1/2) = 47rr2n (4) 

where r is the particle diarueter in R mixture of 
two components of equd sizes and 7a is the num- 
ber density of particles, estimated from the grain 
size. 

The model of plasticity enhancement around 
a pore was calibrated against a uiriiplified treat- 
ment of constant volume compression of a hollow 

shell. In this case, 

where uo is the initial porosity. 

Common components 
The EOS for HMX was estimated from Hugo- 

niot data(8,7) and thermal properties.(3) An 
elmtic-plastic constitutive model was used, based 
on observed values of the shear modulus and yield 
stress.( 11) 

Little useful data were found on NC or the 
binders used in the explosives considered. An 
EOS was estimated for polyurethane, again us- 
ing Hugoniot data(7) and a ‘typicd’ heat capac- 
ity for polymers.(9) This EOS was used for d l  
binder components. The EOS for NC m =ti- 
mated by assuming the same Hugoniot data as 
for cellulose xetate(7) but taking a solid density 
of 1.65g/crn3.(10) 

The constitutive behaviour of the binder WBR 
treated implicitly by altering the plastic enhance- 
ment of deformation in the HMX. The stiffer the 
binder, the greater the enhancement used. 

Initial estimates of the Arrhenius parameters 
were taken from calorimetry data,(3) and adjust- 
ed to reproduce initiation data. The parameters 
for HMX were adjusted by considering PBX 9501 
data, as this composition does not have a reac- 
tive binder. In some simulations, the decompo- 
sition of the binder was modelled using a slow 
Arrhenius process; thiR made little difference to 
the initiation behaviour predicted. Initiation was 
not expected to be sensitive to the @e speed 
used for hotspot burn. This was verified by sen- 
Ritivity studies. 

Porous materials were represented as before 
by starting with a non-zero volume fraction of 
the reaction products at the STP state. 

PBX 9601 
PBX 9501 consists of 96% BMX, 2.5% estane 

and 2.5% BDNPA by weight, with a porosity 
~1.6%.(3) The binder is fairly soft. 

Simulations were made to investigate the sen- 
sitivity of shock initiation to the Arrhiexiius pt+ 
rameters. The simulations were compared with 



experimental Pop plots.(3) It wm found possi- 
ble to reproduce the experimentd data to within 
-% in pressure with T* = 24000K and €&) = 
10IO/ps ('model A'). This value of TI is much 
closer to the value deduced from calorimetry data 
(26500K(3)) than was achieved previously. & is 
considerably smaller than the 101"/ps d u e  fro~n 
calorimetry, but is more plausible ;&B an atomic vi- 
bration frequency. Run distances were generally 
much less sensitive to the reaction rate than was 
found previously, apparently because of the more 
explicit treatment of the different components of 
the explosive rather than the inclusion of plastic 
work. Pop plots could be obtained which were 
similar to model A over a restricted range of pres- 
sures using quite different values of the Arrhenius 
parameters: T* = 23000K, €&) = 5 x 10B/ps for 
model B, and T* = 23000K, & = 10ro/ps for 
model C. (Fig. 1.) 
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FIGURE 1. Run distance to detonation for PBX 9501. 

PBX 9404 
PBX 9404 consists of 94% HM:X, 3% NC, and 

3% CEF by weight, with a porosity -1.6%.(3) 
The binder is relfitively stiff. 

Simulations were made based on model A for 
PBX 9501 but with the correct composition and 
a higher pIastic enhancement. The predicted 
Pop plot waa not significantly different, consis- 
tent with experiment,(3) It wm not found neces- 
sary to adjust the Arrhenius parameters for NC 
away from the values deduced from calorimetry. 
(Fig. 2.) 

EDC37 
EDC37 consists of 91% HMX, 8% K10, and 

1% NC by weight, with a porosity ~0.18%.(4) 
The binder is liquid. 

Simulations were made basled on model A 
for PBX 9501 but with the correct composition 
aid plastic enhmlcement removed. If no oth- 
er changes were made, the predicted Pop plot 
was similar to the PBX compositions, in contrast 
with experimental data where EDC37 is signif- 
icantly less sensitive. (4) The simulations were 
brought into closer agreement with experiment 
by reducing the time scales for equilibration to 
r, = 10"2ps and .r+r = 0 . 1 ~ .  This change can 
be rationalised on the basis of smaller pores in 
EDC37, commensurate with the lower porosity. 
(Fig. 3.) 
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FIGURE 3. Run distance to detonation for EDC37. 



PARTICLE VELOCITY IHISTORY 
Pop plots are mi iritegrated rneasure of the ini- 

tiation of an explosive, and it is a far more sen- 
sitive discriminant to compare the velocity histo- 
ry at different points in the explcisive during the 
build-up to detonation. 

Experimental measurements were obtained in 
1D gun-driven impactor expeIknmts, ushg elec- 
tromagnetic gauges to record the particle velocity 
history at Lagrangian positions in the explosive 
sample.(4) 

Comparisons were made agaiinst PBX 9501 
initiated by a single and a double shock. (12) The 
new reactive flow model reproduced the details 
of the initiation history more accurately than the 
old model, though the velocity history still in- 
creased somewhat more abruptly than WM found 
experimentdly. (Fig. 4.) 
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FIGURE 4. Simulated gauge data for PRX-9501, com- 
pared with experiment. 

CONCLUSIONB 
The reactive flow model described previous- 

ly was extended to describe each component 
of the explosive explicitly, and to include inhe 
mogeneous plastic heating as a contribution to 
hotspots. The new model was able to reproduce 
the measured Pop plot for PBX 9501 using Ar- 
rhenius parameters much closer to the values d e  
duced from calorimetry, suggesting that the mod- 
el contains essentially all the physics necessary to 
treat shock initiation in a predictive way. 

Pressure and temperature equilibrium paran- 
eters were specified explicitly rather than calcu- 

lated from the microstructure. If adjusted to 
reflect different microRtructures, the model was 
reasonably accurate in predicting the initiation 
properties of PBX 9404 and EDC37. The new 
model ais0  matched particle velocity histories 
more accurately. 

The contribution of inhomogeneous plastic 
heating seemed less important than the explicit 
treatment of each condensed component, possi- 
bly because the elastic-plastic constitutive model 
underpredicted the heating around a pore.( 13) 
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Motivation: predictive capability 

Want t o  predict initiation and detonics given: 

o Variations in composition 

o Variations in morphology 

a DifFerent loading conditions 

Previous work on PBX and ANFO: need 
physically-based model rather than just mechanical 
calibrations. 





ions of state 

0 Cold c:wrve tlec9uced frern mectianical EO§ fitted to  shock 
data, with r ( p )  ruisdel fbr  ofT-tHugoniot states. 

ulk (if each component, (where available): 

o State: EOS ( p , e )  + elastic strain deviator + scalar plastic 
strain 



urface bu 



rain around pores 

Velocity gradient (Lensor) applied to bulk (component): grad G. 

Internal pare =+ variation in gvadG(?). 

Consider grad5 a t  wall or pore: 

Choose M ,  x to represent dii vent microstructures. 



Ca I i brati n (general) 
- pure-component properties + microstructure. 

o Pressure equilibration time: ‘a few’ times sound transit 
time for a grain. 

o Temperature equilibration time: worder of magnitude 
larger. 

8 Surface burn area: common area between components i 
and j 

normalised to 

where T is grain diameter, n is grain number density. 

a(1/2,1/2) = 4nr 2 n 

I) Enhanced plastic flow: estimated from constant volume 
compression of hollow shell, 

where vo is initial porosity. 



a po n en ts) 
I) HMX EOS: Steinberg-type Grijneisen fit t o  shock data, 

Gibbs & Popolato heat capacity + expansivity. 

I) Polyurethane E0S: Steinberg-type Gruneisen fit t o  shock 
data, Lange heat capacity. (Slow-reacting binders treated 
as pslyu reth a ne. ) 

8 NC EO$: aswmel us - u for cellulose acetate (Gruneisen 
fit), took po = 1.Ei5g/cm3), estimated cV. 

Q Products: temperature-dependent JWL for PBX 9404 - 
not sensitive for imitiiation. 

Q HMX reaction rate: calorimetry values from Gibbs & 
to, adjusted t o  rriatch P X 9501 Pop plot. 

o NC reaction rate: calorimetry values from Gibbs & 

o Slow-reacting binder rate: token value (not sensitive). 

o Initial porosity: nonzero volume fraction of products, STP 
state. 
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x 95012: icle velocity 

Comparison with electromagnetic velocity gauge 
records from as gun impact experiment. 
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U nd Conclusions 

cally-based reactive flow model for 
HMX,-based exp 

8 'Coarse mesoscale' model of microstructure: 
physical constituents + heterogeneous effects. 

o Heterogeneous effects: equilibration, surface 
burn, plastic enhancement. 

el can predict effect of composition, porosity. 

inary trials: reasonable for run distance 
and velocity history. 

Q Su-FFicient physics; need to  refine models slightly. 
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