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Abstract: This article gives a comprehensive study of the detonation reaction-
zone (DRZ) and energy release characteristics of a cast HMX-based polymer-
bonded explosive, PBX-91C, which has been demonstrated in our previous study
to be an insensitive explosive. The DRZ of PBX-91C was studied by the impedance
window method; the detonation reaction time, DRZ length, and detonation pressure
were obtained. The cylinder test was employed to evaluate the acceleration ability
of PBX-91C, the Gurney velocity and the parameters of the Jones-Wilkins-
Lee (JWL) equation of state (EOS) for PBX-91C. The shock overpressure
test was carried out to evaluate the energy release characteristics of PBX-91C
in free-field; TNT was also tested for comparison. On the basis of the parameters
of the JWL EOS determined by the cylinder test, three-dimensional numerical
simulations of the shock overpressure tests were conducted. The results showed
that PBX-91C is substantially more powerful than TNT; moreover, the energy
release of PBX-91C is more rapid. All of these results suggest that the detonation
performance of PBX-91C is close to that of RDX. PBX-91C can be a good
candidate for main charges as it has both high energy and low sensitivity.
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1 Introduction

High explosive (HE) HMX is a solid energetic compound with the best
comprehensive properties, such as excellent detonation performance and relatively
good thermal stability [1-3]. Polymer-bonded explosives (PBXs) are highly filled
composite materials, comprising an energetic compound as the main component
held together by a small quantity of polymeric binder [4, 5]. The introduction
of polymeric binders into an energetic compound, which is generally brittle,
can confer lower vulnerability and better safety on the resulting PBX.
Therefore, HMX-based PBXs hold the merits of both high energy and relatively
low sensitivity, making them the preferred energetic materials for main charges
to accelerate metals.

Evaluating the acceleration ability of main charges is an important
way to study the energy release characteristics. It has been the subject
of considerable experimental and theoretical interest [6, 7]. The acceleration
ability of a main charge depends mainly on the energy released during
detonation. According to the Zeldovich-Neumann-Doring (ZND) detonation
model, the detonation wave consists of a shock wave propagating over the HE,
which is followed by a chemical reaction zone terminated by a Chapman-
Jouguet (CJ) plane. The DRZ, where most exothermic chemical reactions occur,
thus plays a significant role in the energy release of explosives. The DRZ length
is generally defined as the distance or time from the shock front (or named
as the von Neumann peak) to the CJ state. A shorter DRZ length of an explosive
indicates a shorter chemical reaction ending time and a more rapid energy release
during its detonation. In the ideal situation, the DRZ length is zero, and the ZND
detonation model returns to the classical CJ detonation model. After the chemical
reactions have ended at the CJ state, the detonation products behind the DRZ
expand backward (known as the Taylor rarefaction wave) and accelerate
the surrounding matters.

Over recent decades, numerous experimental studies have been reported
to determine the DRZ length of solid explosives [8-14]. In these studies,
the impedance window experiment has been the most used method,
which measures the velocity of thin metal foils located on the boundary
of HE charges with transparent windows; the particle velocity of thin foils
at the interface can reproduce many details of the DRZ of the detonated
samples [14]. All of these studies have also shown that the DRZ length
for common solid explosives is in the range of 102 to 1 mm (or 102to 10! us).

The cylinder test is a basic method for the experimental determination
of the acceleration ability of a main charge [7, 15-16]. According to the method,
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the sample is placed in a cylindrical metal shell and initiated on one end face;
in this case, the acceleration ability of the sample is determined from the radial
acceleration of the shell. The results of cylinder tests make it possible
to determine the so-called Gurney energy (Eg) or Gurney velocity ((2Eg)"?),
the widely used indicators of acceleration ability inferred by Gurney based
on simple assumptions [17, 18]. However, the cylinder test usually gives
the results of acceleration ability at the expansion rate (the specific volume (V7 V%))
of the detonation products as less than 10, which corresponds to the expansion
distance on the scale of less than 100 mm. For longer expansion distances
(more than 100 mm), the energy release characteristics of a main charge
are usually evaluated by the shock overpressure test, which measures the shock
pressure wave induced by the detonated sample in free-field. The measured shock
overpressure and shock impulse data, obtained by integrating the pressure wave
with respect to time, can be used to determine the relative blast performance
of the sample at large expansion rates to that of a reference explosive
(TNT is usually used) [19].

In the present research, a high solid-content cast HMX-based polymer-
bonded explosive, PBX-91C, with HMX and the polymeric binder hydroxyl
terminated polybutadiene (HTPB) in a ratio of 90 wt.%/10 wt.%, was prepared
as a candidate for the main charge. Our previous studies have shown that
PBX-91C is an insensitive explosive with good safety [20, 21]. In present article,
we focus on its detonation performance, hence the DRZ length, the acceleration
ability, and the shock overpressure of PBX-91C in free-field, were investigated
by experimental and numerical methods. The objective here was to make
a comprehensive study of the DRZ and the energy release characteristics
of the main charge candidate.

2 Experimental

2.1 Sample preparation

The cast HMX-based PBX (PBX-91C) was prepared with the solid HMX
(Gansu Yinguang Chemical Industry Co. Ltd., China) and the polymeric
binder HTPB (Liming Research and Design Institute of Chemical Industry
Co. Ltd., China) in a mass ratio of 90%/10%. The HMX particles (with an average
size of about 300 pm) and liquid HTPB were mixed for 30 min at 50 °C,
followed by vacuum mixing for a further 30 min to drive out entrapped air,
and the mixture was then cast and cured at 65 +2 °C for five days under vacuum.
The initial densities of the prepared samples were measured by floatation.
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2.2 Detonation performance measurements

Detonation velocity, Dc;, was measured by the electrical shorting pin method;
mean values of three measurements (max. £0.08 km-s™') were used.
The DRZ of PBX-91C was studied by the impedance window method with the help
of a Photon Doppler velocimetry (PDV) system [22]. As shown in Figure 1,
the cylindrical sample was directly initiated from one end face by an electric
detonator, and a PDV probe was used to measure the velocity of a thin aluminum
coating (about 1 pum thick) located at the interface between the other end face
of the sample and a transparent lithium fluoride (LiF) window. The sample
and window were joined closely together by a fixing clip, a drop of silicon oil
being added to the interface to drive out entrapped air. The cylinder test (as shown
in Figure 2) was employed to evaluate the acceleration ability of the explosives.
The PBX-91C sample was confined in a copper tube (25.4 mm inner diameter
and 2.54 mm wall thickness) and initiated from one end using an electric
detonator. The introduction of the explosive cylinder into the copper tube requires
leaving a gap between the two pieces. This gap was constant and equal to 0.2 mm.
To avoid jet formation between the cylinder and the tube, the gap was filled
with an epoxy-based pad. The radial expansion history of the copper wall
was recorded by a high speed streak camera (SJZ-15). Oxygen free high
conductivity copper (Cu-OFHC) was used for the tube material because
of'its high ductility, in order to allow large expansions without cracking. As shown
in Figure 3, the shock overpressure induced by the detonated samples in free-
field was measured by pressure sensors (PCB-137B22B). The bare cylindrical
sample was placed on a wooden support at a height of 1.4 m and initiated
by an electrical detonator no. 8. The distances between the center of the sample
and the sensors (Sensor 1, Sensor 2, and Sensor 3) were 1.0, 1.5 and 2.0 m,
respectively. Table 1 lists the details for the three kinds of tests. The mean values
of two measurements for each kind of test were finally accepted.

Fixing Clip Aluminium Coating

=
Detonator Probe

Sample LiF Window

PDV System -

Figure 1  Schematic diagram of the arrangement for studying the DRZ
of HE samples by the impedance window method
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Figure 2. Schematic diagram of the arrangement for determining
the acceleration ability by the cylinder test

Detonator PCB Pressure Sensors
’-LI Sample [ | [ | 1
1 2 3
Wooden
Support
Ground

Figure 3. Schematic diagram of the arrangement for measuring the shock
overpressure of the detonated samples by the pressure sensors

Table 1.  Details of the tests

Size Density Thickness Density
Method of samples |of samples | of window/shell | of window/shell

[mm] [g-em™] [mm] [g-em™]

The DRZ test | ®30 x 90 5.0 2.64

The eylinder | 50 x 300 2.54 8.93

test 1.72

The shock

overpressure ®60 x 120 N.A. N.A.

test
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3 Results and Discussion

3.1 Detonation reaction zone structures

Figure 4 shows the particle velocity (u,) profile of the HE-LiF interface
for the PBX-91C sample. A chemical spike with a maximum (u,) of ~2300 km-s™
was recorded by the PDV system. The u, dropped rapidly to ~1600 m-s™!
within approximately 100 ns, indicating a rapid chemical energy release
in the DRZ. The u, then decreased in a relatively slower way to ~1400 m-s™
in the following 500 ns, indicating a relatively slower internal energy release
of the detonation products due to their expansion in the Taylor rarefaction wave.
However, it was difficult to distinguish directly an exact point on the profile
of the particle velocity that corresponded to the CJ state which separated the DRZ
and the Taylor rarefaction wave. In this study, we determined the position
of the CJ state based on the first order derivative curve of the interface
particle velocity (du,/dt). Figure 5 shows the curve of du,/dt versus time (¢),
before differentiation; the experimental profile of u,(#) was smoothed
by the Savitzky-Golay method.

2400
o Experimental data
Smoothed data
2200
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@
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o
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Figure 4. Particle velocity (u,) profile of the HE-LiF interface for the PBX-
91C sample
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Figure 5. First order derivative of the particle velocity versus time (du,/dt)
for PBX-91C

It was found from Figure 5 that the du,/dt profile can be represented
by two straight lines: one with a steep slope implying a sharp decrease
of u, in the DRZ, the other line with a practically zero slope implying
a relatively constant and slow decrease of u, in the Taylor wave region.
The point of intersection of these two lines determines the reaction time (fc))
from the von Neumann peak to the CJ state. From Figure 5, a value of 7¢; = 0.06 ps
was determined for the PBX-91C sample. The DRZ length (Xc;) can be calculated
from the following Equation 1 [11]:

Xey :LCJ (Dey _”p)dt (D

where Dcj is the detonation velocity; Dy = 8.42 km-'s™! was measured for
PBX-91C by the electrical shorting pins method. Based on the u,(¢) data
in Figure 4, X¢; = 0.38 mm was calculated for the PBX-91C sample.
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The detonation pressure Pcycan be estimated by the following Equation 2 [23]:

1
P, :Eupcj[pwo(s.ls+1.35uPCJ)+,00DCJ] 2

where u,c is the particle velocity at the CJ state; the value of u,c; can be
determined as 1.76 km-s™' when #c; = 0.06 ps; pwo and po are the initial
densities of the LiF window and the HE sample, respectively; in this study,
pwo = 2.64 g-cm > and pp = 1.72 g-ecm>. Thus, Pc; = 30.2 GPa was calculated
by Equation 2 for PBX-91C.

Table 2 summarizes the parameters of the DRZ for the PBX-91C sample
and some common HEs. It can be found from Table 2 that the DRZ length
of PBX-91C is much shorter than that of TNT, slightly longer than that
of HMX, and closely comparable to that of RDX. These data suggest that,
compared with common HEs as main charges, PBX-91C has a relatively narrow
DRZ and can be regarded as an ideal explosive.

Table 2 Summary of the parameters of the DRZ for PBX-91C and some
other common HEs [11]

High explosive Po/Prmax [%0] tcy [us] Xcy [mm]
PBX-91C 98.6 0.06 +£0.01 0.38 £0.07
TNT(cast) 94.3 0.29 £0.04 1.36 £0.19
RDX 924 0.07 +0.01 0.36 £0.07
HMX 97.1 0.04 +£0.01 0.25 +£0.04

3.2 Acceleration ability

Cylinder test results are the basis for the determination of the acceleration
ability and energetic characteristics of the detonation products of the PBX
to be investigated. A typical photograph of the cylinder wall expansion process,
recorded by a high speed streak camera, is shown in Figure 6.

Figure 6. Typical photograph of the cylinder expansion process recorded
by a high speed streak camera
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The relation between the radial expansion distance of the cylinder (R-Ry),
in mm, and the expansion time (¢), in us, can be fitted by the following Equation 3:

t=a+ bR - Ry) + ¢ exp[d(R — Ro)] 3)

where a, b, c and d are the fitting coefficients. The cylinder expansion velocity (i)
can be obtained by differentiating Equation 3:

1
bt edexpld(R—R,)] )

Based on the radial expansion history of the cylinder wall recorded by the high
speed streak camera, the values of the fitting coefficients were determined as:
a=2.24,b=0.60,c=-1.55,d=-0.134.

Generally, the acceleration ability of an explosive can be described
by the Gurney energy or Gurney velocity ((2E)"?). In the Gurney model, the (2EG)"?
for some simple geometries filled with explosives is expressed as [17, 18]:

J2E n ) 5
G ”m(a"'n_i_zj (5)
where u,, is the velocity of the metal, a is the ratio of the mass of metal (M)
to the mass of explosive (m); n = 1 for the plane symmetric sandwich
geometry, n = 2 for the cylindrical system, n = 3 for the spherical geometry.
The velocity of the copper wall, u,,, at 19 mm displacement (which corresponded
to a volume expansion of V/V, = 7) was determined by Equation 4,
and the value of u,, was then used for calculation of the Gurney velocity using
Equation 5. Table 3 shows the data of Gurney velocity, detonation velocity
and detonation pressure for PBX-91C; the parameters for some other common
HEs according to available literature data are also listed for comparison.
It can be seen that the acceleration ability of PBX-91C is much higher than that
of TNT, lower than that of HMX, and close to that of RDX.
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Table 3.  The data of Gurney velocity, detonation velocity and detonation
pressure for PBX-91C and some other common HEs [18, 24]

. . 0 2EG)"? Dg; Pqy
High explosive [g-f m] [(krn-gfl] km-s '] [GPa]
PBX-91C 1.72 2.75+0.03* | 8.42+0.08 30.2 £0.6
TNT 1.63 2.37° 6.93 21.0
RDX 1.77 2.832 8.70 33.8
HMX 1.89 2.97° 8.90 39.0

2 At a volume expansion of V/V,=7

The results of the cylinder test can also be used to determine the JWL EOS
parameters of the detonation products. The JWL EOS is described as [25-27]:

E
p=A1--Lyexp(-R) + B - -2y exp(-R,v) + 220
Ry L,V v

(6)

where p is the pressure of the detonation products (in Megabars), v is the relative
volume, £, is the specific internal energy per unit mass of the explosive; 4, B, R1,
R,, and o are the parameters to be determined, and which need to satisfy
the measured CJ state, the measured expansion behaviour in the cylinder test,
and some other conditions [28]. In the present study, the expansion process
of the cylinder wall was numerically simulated by the Ansys/Ls-Dyna program,
the MAT HIGH _EXPLOSIVE BURN and the MAT JOHNSON_ COOK
were used as the material model for the explosive and copper wall,
respectively, the EOS JWL and the EOS_GRUNEISEN were used as the EOS
for the explosive and copper wall, respectively. The parameters of JWL EOS
for the sample were obtained by adjusting the numerical simulation results
according to the experimental data. Here, the values of the JWL EOS
parameters for PBX-91C were eventually determined as: 4 = 6.9, B=8 - 102,
Ry =43, R, =13 and ® = 0.3. Table 4 lists some values of the parameters
used in the simulations. Figure 7 shows the simulated radial expansion history
of the cylinder wall. It is obvious that the simulation results agree very well
with the experimental data.
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Table 4. Some values of the parameters used in the simulation of the
cylinder test

EOS_JWL parameters

- E

Material [D eé‘;:% A B R R < E
& [Mbar] | [Mbar] | ™ 2 © e

<)

PBX-91C 1.72 69 |8 102 43 1.3 | 030 | 0.097

EOS GRUNEISEN

] )
= = .8 parameters
=1 = =
Densi 2% | 8% = 52 | B 5 <
Material Ly S g2 g 2= 2 25
[gem™] | wZ | == 2 22| €- | 85
= = < — = s O = 2 = EE
3 & £ | 52| & g2
= Z &0 | & S 8
Copper 8.93 1.17 0.47 0.35 | 0.394 | 1.489 1.99
25
—— Simulation results
20 o Experimental data
15 +
£ 101
5 -
0 -
y T y T y T J T y T y T .
0 5 10 15 20 25 30 35
R-Ro [mm]

Figure 7. Simulation results of the cylinder expansion history compared
with experimental data
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3.3 Energy release characteristics in free-field

The energy release characteristics of the samples in free-field (the expansion
distance on a scale of more than 10> mm) were evaluated by the shock
overpressure tests. On the basis of the JWL EOS parameters obtained by the cylinder
tests (the parameters for TNT are available in [24]), three-dimensional numerical
simulations of the shock overpressure tests were performed using the Ansys/
Ls-Dyna software in order to gain a better understanding of the energy release
characteristics of the samples. In these simulations, MAT HIGH EXPLOSIVE
BURN and MAT NULL were used as the material models for the explosive
and the air, respectively, and EOS JWL and EOS_LINEAR POLYNOMIAL
were used as the equations of state for the explosive and the air, respectively.
The linear polynomial EOS is given by:

p=Cot Ciu+ Gyt + Gyl + (G + Cspu + Copd)E (7)

in which p is the pressure, Co, Ci, Cy, C3, C4, Cs and C; are constants,
E is the internal energy per initial volume and p = 1/v — 1. Table 5 lists some
values of the parameters used in the simulations of the shock overpressure test.
Figure 8 shows the simulated contours of the shock pressure at different
expansion distances.

Table 5.  Some values of the parameters used in the simulation of the shock
overpressure test

Densit EOS_JWL parameters
Material [ eélrill% A B R R Eo

& [Mbar] | [Mbar] P9 T Gerg/mm?]
PBX-91C 1.72 6.9 8-102 | 43| 1.3 [0.30 0.097
TNT 1.63 374 [7.33-102[4.15]/0.95]0.30 0.07

. EOS_LINEAR_POLYNOMIAL parameters

Material Density Co

[g . cm’3] [Mbar] C G, C 3 (o Cs C6
Air 1.29-103{1-107| O 0 0 104104 0
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LS-DYNA user input
Time - 63

Contoues of Pressurs

(d)
Figure 8. The simulated contours of the shock overpressure at different
expansion distances: (a) 0.5 m; (b) 1.0 m; (¢) 1.5 m; (d) 2.0 m

Figure 9 shows the simulation results of the shock overpressure tests
compared with the experimental data. It can be seen that the simulated
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shock profiles at different distances agree quite well with the corresponding
experimental ones. This means that the JWL EOS parameters determined
by the cylinder tests are also applicable to the numerical simulations of the shock
overpressure tests in free-field.
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Figure 9. The simulation results of the shock overpressure test, compared
with the experimental data: (a) PBX-91C; (b) TNT

Figure 10(a) draws a comparison between the simulation results of the
shock profiles for PBX-91C and TNT. It can be found from Figure 10(a) that, at
the same distance, the shock wave induced by the detonated PBX-91C sample
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arrived earlier than that induced by the detonated TNT sample, due to the fact

that the detonation velocity of PBX-91C is higher than that of TNT. Generally,

the power of a shock wave can be mainly evaluated by two parameters:

1) the shock overpressure Ap, Ap = p — po, where py is the atmospheric pressure,
approximately 0.1 MPa, and

2) the shock impulse i, here i = jApdt.

According to the data in Figure 10(a), at the same distance, the shock
overpressure (Ap) and shock impulse (i) for PBX-91C are at least 20% and
10% higher than those for the TNT, respectively, indicating that PBX-91C is
substantially more powerful than TNT in free-field.
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Figure 10. Comparisons between: (a) the simulation results of the shock profiles
for PBX-91C and TNT; (b) the shock impulse attenuation laws
for the detonated PBX-91C and TNT; (c¢) the shock overpressure
attenuation laws for the detonated PBX-91C and TNT

It is also found from Figure 10(a) that the shock pressure of both PBX-
91C and TNT decreases rapidly as the shock wave travels to longer distances,
however, the shock duration increases. A further analysis of the data shows that
the shock impulse, 7, for both PBX-91C and TNT decreases linearly as the distance
increases (as shown in Figure 10(b)), while the shock overpressure, Ap,
decreases with the distance according to the exponential decay laws. As shown
in Figure 10(c), the larger value of the decay exponent for PBX-91C indicates
the faster attenuation of the Ap in this case; when the distance is 2 m, the difference
between the overpressure of PBX-91C and TNT is less than 0.1 MPa.
All of these results suggest that PBX-91C is more powerful than TNT.
Moreover, the energy release of PBX-91C due to the expansion of the detonation
products is more rapid.

4 Conclusions
A comprehensive study of the detonation reaction-zone (DRZ) structures
and energy release characteristics of PBX-91C, a cast HMX-based polymer-

bonded explosive with low sensitivity, is presented.
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The DRZ of PBX-91C was studied by measuring the particle velocity
at the detonated sample/LiF interface using a laser interferometer. The detonation
reaction time 7c; =0.06 £0.01 ps, DRZ length Xc; = 0.38 £0.07 mm, and detonation
pressure Pc; = 30.2 £0.6 GPa were obtained.

The acceleration ability of PBX-91C was evaluated by the cylinder test,
and the Gurney velocity (2Eg)"? = 2.75 +£0.03 km-s™' (at V/Vy = 7)
was determined. The cylinder test was numerically simulated by the use
of the Ls-Dyna program, and the parameters of the JWL EOS for PBX-91C
were obtained by adjusting the numerical simulation results of the cylinder test
according to the experimental data.

The free-field energy release characteristics of PBX-91C were evaluated
by the shock overpressure test; TNT was also tested for comparison. On the basis
of the parameters of the JWL EOS determined by the cylinder test, three-
dimensional numerical simulation of the shock overpressure test was conducted.
It was shown that the shock overpressure induced by the detonated PBX-91C
was at least 20% higher than that induced by TNT. Moreover, the energy release
of PBX-91C was more rapid.

All of these results suggest that the detonation performance of PBX-91C
is close to that of RDX, and that PBX-91C is a good candidate for main charges
as it has both high energy and low sensitivity.
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