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AN ANALYSIS OF DYNAMIC RESON= OF EXPLOSIVES DUE TO IMPACT 
AND COMPUTER SXMULATION OF HOT SPOT FORMING IN EXPLOSIVES 

x P. HSI L. X. Li@ Y. C. mmg@ 
Dept. of Applied Mechanics, Northwestern Polytechnical Uninrsity 

Xi'an, Shaanxi 710072. P. R. C. 

Abstract-In accordance with the hot spot/initiation mechanism , the amendment of 
Perzyna's model of material behavior and elasto-viscoplastic analysis of explosive mlumn 
due to impact ate conducted in this paper. The flow parameter and Young 5 modulus are 
thought to be related with temperature. To test this developed model, the comparison be- 
tween the experimental results and calculation values are done. The inhomogeneity of ma- 
terial is modeled by introducing a void at the center of the column. The numerical results 
show the elevated temperature near the voids. The effects of the shape and size of voids 
on local high temperature forming are also diwpsed. 

1. INTRODUCTION 

Trinitrotoluene(TNT) is an important military explosive. During the casting and 
coding process, defects * such as cracks porosities and larger voids or cavities, are often 
introduced. These defects are thought to play a critical role in premature ignition during 
artillary launch or any other dynamic loading. 

It is generally accepted that the reason of initiation to occur in crmtalline explosives 
due to impact is heat in origin. Many experiments have shown that under impact an ex- 
cessive amount of energy is localized in the explosive"-'3. These localized high-energy 
sites are sources of high temperature and celled hot spots. A lot of investigators haw pro- 
posed different models of hot spot formation which include gas compression in the cavity 
(or microporosity) , hydro-dynamic cavity collapse, friction between adjacent grains and 
viscoplastic cavity collapse. Bowden & Yoffe'53 demonstrated that under some conditions 
gas compression in pores oould cause ignition. They thought that when a small volume of 
gas is compressed rapidly, a high temperature reservoir(hot spot) of gas can create which 
may subsequently heat the adjacent explosive surface to the point of autoignition. Prey@' 

Journal of Energetic Materials Vol. 16, 187- 197 ( 1998) 
Published in 1998 by Dowden, Brodman h Devine, Inc. 

187 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
5
4
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



applied cavity collapse model to investigate the effects of pressurization rate, Cavity size 
and material parameters on hot spot formation in high density explosives. Field et al"' 
have shown that catastrophic shear failures can cause ignition. Evidence was given for a- 
nition by adiabatic heating of trapped gas , adiabatic shear of the explosive , friction and 
viscous flow. Based on their experiments on microparticle high velocity impact of silver 
and lead azide crystals, Winter and FieldC8'concluded that the heat generated by plastic 
deformation is also a viable mechanism. Using the azide crystals as a model material un- 
der subcritical impact, it was shown that deformation is concentrated in narrow bands of 
material by adiabatic shear. Chou et alcs3performed the finite element simulation for shear 
band and hot spot formation. Three types of impact were simulated, including drop- 
weight indentation, high-speed impact and shock compression of a specimen with a void 
inclusion. The calculations show that the high temperature(hot spots) appear in regions 
where adiabatic shear bands arise. 

Our experimentsC1O'showed that there exist clear effects of temperature and strain 
rate on material behaviour for TNT explosive, so elasto-viscoplasticity analysis has to be 
done for the dynamic! response of explosive due to impact in the paper. The effect of 
strain rate on material behaviour can be represented very well by Perzyna5 constitutive 
model, but the effect of temperature has hardly ever taken into account in it. In a m r -  
dance with the hot spot/initiation mechanism for premature ignition, the improvement of 
Perzyna's model of material behaviour and elasto-viscoplastic analysis of explosive speci- 
men due to impact are conducted in this paper. The flow parameter and Young 5 modulus 
are thought to be relevant with temperature. To check this developed model, the compar- 
kon between the experimental results and calculation values are done. Meanwhile, the in- 
homogeneity of material is modeled by introducing a void at the center of the specimen. 
The contour plots and distributions of temperature show the elevated temperature near 
the voids. The effects of the shape and size of voids on local high temperature forming are 
also discussed. 

2. FORMULAS OF THE PROBLEM 

The total strain rate is assumed to be the sum of elastic and viscoplastic parts 

The elastic strain rate is related to the total stress rate by the rate form of the 
{ i }  = {eel + &,I (1) 

Hooke$ law 

{ee}  = [D]-'{b} (2) 
where [ D ]  is the elasticity matrix. 
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For the viscoplastic part, we consider a Von Mises material obeying the flow rule 

(3) 
aF 

a{ u> 

F - F 0 ) N  

{&I = Y ( ~ F ) )  - 
in which y is a flow parameter controlling the plastic flow rate, F is a yield function. The 
most common version of function (C(F> is 

(4) 

where the exponent N is a prescribed constant, F o  denotes any convenient reference value 
o f P .  

dF) = (- 
FO 

To ensure no visco-plastic flow below the yield limit we write 

(6F)) = 0 if F < O  

(dF)> = p; (F)  if F > O  (5) 
From the evolution equation of the viscoplastic constitutive relation, it can be found 

that the flow parameter y is inversely proportional to the viscosity p , that is 

(6) 
1 

For TNT explosive the viscosity p is considered to be depedent on the temperature 

Y - ;  

and pressurec"' 

P = Po T <TO 

(7) 
where 9, =1000poise, P o  =165MPa, Bo =3880K and T o  =295K for TNT. 

Based on the experimental results for TNT"o', a mncrete formula expressing the 

(8) 

tendency of the elastic modulus with changing temperature can be obtained 

&(T) = 48.41(Tm - 2') 
In light of the law of energy oonservation, we have 

pcAT = Bjcnie (9) 

where pis the mass density, cis the specific heat at constant pressure, and pis a constant. 
roughly 0.85-0.95 at adiabatic condition. For simplicity, pis taken to be unity, so the 

temperature rise is given by 

AT =J- 
pc 

(10) 
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3. NUMERICAL RESULTS AND DISCUSIONS 

The constitutive model is incorporated in the program package DYNPAK"", and an 
explicit transient dynamic finite element code is developed for the analysis of dynamic de- 
formation of explosive column. DYNPAK is further modified to calculate temperature 
field. The fluidity and elasticity are thought to be temperature dependent. 

The explosive column are 19. Imm in diameter and 38.2mm high. Material proper- 
ties for T N T  used in calculation are listed in Table 1. The loading illustration is shown in 
Fig. 1. 

Fig. 2 shows the dynamic response of explosive column at the node of the upper sur- 
face. The  effect of temperature has not been considered in the first computer curve, so 

there is obvious deviation between the calculated values and the experimental results. Af- 
ter the effect of temperature is considered, the second computer curve shows a fairly good 
agreement. 

Tiable 1. Material properties of TNT column 

c (J/Kg K)  

I clo (Pa s) 1 100.0 I 

T, (K) 355.5 

E (MPa) 3050.0 

In order to model the hot spot formation in explosive due to impact, a cylindrical 
void at the center of the explosive column is introduced. The void is 1. 2mm in diameter 
and 1.2mm high. The  quarter finite element mesh, with 1449 nodes and 460 elements, 
is shown in Fig. 3(a), and the deformed mesh shown in Fig. 3(b). Fig. 4 shows the local 
deformed mesh. 
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The distribution and contour plot of temperature in the deformed column, shown in 
Figs 5 and 6,  indicate the local elevated temperature near the corner of the void. The nu- 
merical results also show the concentration of shear strain and a large velocity gradient 
near the void. So it can be hypothesized that the localized hot region is mainly due to the 
adiabatic shear mechanism for the explosive column containing cylindrical voids. 

The effects of the shape and size of voids on lccal high temperature forming are 
shown in Figs 7 to 10. Fig. 7 shows the temperature contours in the region near the 
spherical void. It indicates that local high temperature is concentrated in a thin layer near 
the void, and there are little changes for temperature in the region away from the spheri- 
cal void. The results of calculation for the explosive column containing a ellipsoid void, 
shown in Figs 8 and 9 indicate the formation of elevated temperature in the region where 
the curvature of ellipsoid changes very large. Fig. 10 shows a contour plot of temperature 
for the larger cylindrical void. It can be seen that it is easier to form local high tempera- 
ture for larger voids comparing to the case in Fig. 6. 

Based on the numerical results, it can be thought that the explosive column contain- 
ing different voids under impact can produce local high temperature. For the cylindrical 
void, the local elevated temperature is concentrated in the region near the corner of the 
void, in which the shear strain is highly concentrated and a large velocity gradient e- 
merges, and in this case the formation of local hot region is mainly controlled by the adia- 
batic shear mechanism. For the spherical or ellipsoid voids, the local high temperature is 
concentrated in a thin layer near the void and there is little temperature rise in the region 
away from the void. So it is obvious that the dominant mechanism may be of cavity col- 
lapse or viscoplastic heating, but adiabatic shear for the spherical or ellipsoid voids . 

4. CONCLUSIONS 

(1) The numerical results show that the explosive column containing different voids 
under impact can produce local high temperature. 

(2) The shape of voids has strong effects on hot spot forming mechanism. For the 
cylindrical void, the local elevated temperature is concentrated in the region near the cor- 
ner of the void, which is mainly controlled by the adiabatic shear mechanism. For the 
spherical or ellipsoid voids, the local high temperature is concentrated in a thin layer near 
the void, which may be attributed to the mechanism of cavity collapse or viscoplastic 
heating . 

( 3 )  The size of voids has also effects on local elevated temperature. The results of 
calculation indicated that it is easier to form local high temperature for larger voids com- 
paring to the smaller ones. 
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Fig. 1 Loading illustration 
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Fig. 2 Comparison between experimental 

results and numerical simulation 
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Fig. 3 (a). Finite element mesh 
(b) Deformed mesh 

. . . . , , . I  

Fig. 4 Local deformed mesh 
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Fig. 5 Curved surface of temperature 

.Fig. 6 Temperature contour plots 
of column( t = z =I. 2mm) 
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Fig. 7 Temperature contour plots 
of column ( t = 0.6mm) 

Fig. 8 Temperature contour plots of column 
( a  =0 .6mm,b=1.2mm) 
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Fig. 9 Temperature contour plots of column 
( a  =l. Zmm, b =O.Gmm) 
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Fig. 10 Temperature contour plots of column 
( T =l. 2mm, z =2.4mm) 
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