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Abstract: The Lagrange test was conducted to investigate the shock ignition 
and growth of  HMX-based polymer bonded explosives (PBXs) under 
different temperature conditions. In  this  study, three temperature conditions, 
25  °C, 80  °C and  120  °C were  used. The  pressure history values along 
the direction of  the detonation wave propagation were obtained and presented 
as the characteristics of the shock ignition and growth. Manganin piezoresistive 
pressure gauges were  used to  measure the  pressure. The  results showed 
that the distance to detonation was clearly reduced as the temperature was increased. 
A distance greater than 9 mm at 25 °C was changed to less than 3 mm at 120 °C. 
In order to understand this phenomenon in more detail, the Lee-Tarver ignition 
and growth model was employed to simulate the Lagrange test, and the simulated 
pressures were compared with the measured pressures. The results demonstrated 
that the intrinsic mechanism of the phenomenon was that the high temperature 
changed both the equation of state of the unreacted explosive and the chemical 
reaction rate. It was remarkable that the parameter R2 in the model was reduced 
from −0.05835 to −0.06338, and the parameter G1  in the model was increased 
from 1.3 to 2.12.
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1	 Introduction

The shock ignition and growth phenomenon of polymer bonded explosives 
(PBXs) has  been  a  research focus for  several decades  [1]. The  mechanism 
of  the phenomenon is  related to  the chemical reaction rate of  the explosive. 
Therefore, it is meaningful to understand the relationship between the chemical 
reaction and shock ignition and growth.

The Lagrange analysis method, as an experimental method, was developed 
to  analyze the  flow field after the  shock wave. This  included the  particle 
velocity and pressure measurements. Particle velocity measurement was mainly 
based on electromagnetic technology. Stennett et al. [2] used electromagnetic 
particle velocity gauges to record the onset of reaction of a PBX under impact. 
Gustavsen et al. [3] designed a 12-channel dense particle velocity wave profile 
measurement in a single experiment for the shock initiation behaviour of PBX9501. 
The  results showed that  the  shock initiation was  sensitive to  the  density, 
but insensitive to the ageing conditions [3]. For pressure measurements, the in-situ 
manganin piezoresistive pressure gauge has been widely used. Chidester et al. [4] 
obtained pressure gauge data for PBX9501 under impact, where the input pressure 
was below 3 GPa. Hussain et al. [5] analyzed the particle size effect on the shock 
ignition and growth of PBXs by means of pressure profiles.

The environmental temperature has been demonstrated to  influence 
shock ignition and growth of PBXs [6-8]. Tarver et al. [9] conducted a series 
of experiments on the HMX-based explosive PBX9501 at initial temperatures 
25  °C  and 50  °C under plate impact. Measured  run  distances to  detonation 
were obtained. Tan et al. [10] also discussed the shock initiation characteristics 
of  HMX/TATB composite explosives at  near-ambient temperatures, 
from 5 °C  to 75 °C. The  results showed that the  effects of  the near-ambient 
temperature could not be ignored. Urtiew et al. [11] investigated HMX-based 
explosives at 170 °C under fragment impact. The shock sensitivity of HMX 
at 170 °C was greater than that at ambient temperature. Note that there is a phase 
transformation of HMX above 165 °C.

In order to understand the mechanism of shock ignition and growth 
of PBXs, several classical models have been developed. The Lee-Tarver ignition 
and growth model has been widely applied in this field [12, 13]. The early Lee-
Tarver ignition and growth model only considered hotspot formation and growth 
of  the  reaction. In  a  subsequent development, a  completion growth term 
was added in the Lee-Tarver ignition and growth model, in order to successfully 
simulate the  response under high pressure and  short duration shocks  [14]. 
May and Tarver [15] applied the model to simulate the shock ignition under 
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flyer plate impacts. Garcia et al.  [16] applied the Lee-Tarver ignition model 
to simulate the shock initiation of low density HMX and obtained good agreement 
with the experimental results. In addition, the model has also been employed 
to describe the shock ignition of PBXs at different temperatures [9-11]. Generally, 
the Lee-Tarver ignition model has good capability to simulate the shock ignition 
of PBXs under complex conditions, while the calculated results can successfully 
match experiments.

In the present study, the shock ignition and growth of HMX-based explosives 
under high temperature conditions was  studied. Three  different temperature 
conditions, 25 °C, 80 °C and 120 °C were used. The temperature conditions 
were below that of the phase transformation of HMX. A heating arrangement 
was applied to control the  temperature. As described above, Lagrange shock 
ignition tests were  conducted, and  manganin piezoresistive pressure gauges 
were  applied to  measure the  pressure. Furthermore, the  Lee-Tarver ignition 
model was used to explain the mechanism of the ignition and growth on exposure 
to the temperature.

2	 Experimental

In order to understand the shock ignition and growth of HMX-based PBXs under 
different temperature conditions, the classical Lagrangian test was conducted. 
Figure  1  shows a  schematic diagram of  the  experimental arrangement. 
A  detonator excited a  primary explosive, which  supplied a  high pressure, 
above  30  GPa. It  should be  mentioned that  the  dimensions of  the  primary 
explosive were ϕ 50 mm × 50 mm, and the primary explosive was in a stable 
detonation. Furthermore, the  output pressure of  the  primary explosive 
was  reproducible. A  35  mm  thick aluminum plate was  arranged between 
the primary explosive and the explosive specimen under test. Due to the plate, the  
high pressure was reduced to an appropriate pressure input. In order to observe 
the phenomenon of the shock ignition and growth of the PBXs, a low pressure 
input was reasonable. Otherwise, a high pressure input would probably force 
the ignition to detonation in a very short time. A preliminary test was applied 
to  determine the  appropriate thickness of  the  aluminum plate (35  mm), 
and the pressure after attenuation could be much lower than 30 GPa. The specimens 
consisted of four ϕ 50 mm × 3 mm discs, and a group of manganin piezoresistive 
gauges were  arranged at  the  top of  each disk, corresponding to  distances 
of 0 mm, 3 mm, 6 mm and 9 mm, respectively, which is presented in the side 
view of  the  experimental arrangement (see  Figure  1). It  should  be  stressed 
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that a thin Teflon® insulation sheet encapsulated the gauges, in order to avoid 
short circuit of the gauges due to the explosion. In using the gauges, a high-
speed constant-current synchronised source was  used  to  supply the power, 
with an oscilloscope to  record the voltage temporal curve, which could  then 
be converted to a pressure history curve. In our study, three different temperatures, 
25 °C, 80 °C and 120 °C, were used. A heating system was designed to control 
the  temperature of  the  specimens. Temperature control tests were performed 
before the Lagrangian tests, in order to ensure that the temperature of the specimen 
at each point was uniform. The results showed that the specimens had to be heated 
for at least 50 min and 120 min to reach 80 °C and 120 °C, respectively.

Figure 1.	 A schematic diagram of the shock ignition and growth arrangement 
for  HMX-based PBXs at  different temperatures: 1)  detonator; 
2) primary explosive; 3) aluminum plate; 4) explosive specimen 
disk; 5) encapsulated pressure gauge with Teflon® insulation

3	 Ignition and Growth Modelling

Ignition and growth modelling of PBXs based on the Lee-Tarver phenomenological 
model [12] was applied to understand the response of the specimens at different 
temperatures. The model was as shown in Equation 1:

� (1)

where λ is the chemical reaction degree, t is the time, ρ  is  the  density 
of  the  specimen, ρ0  is  the  initial density of  the  specimen, P  is  the pressure, 
and other parameters, I, G1, G2, a, b, x, c, d, y, e, g and z, are constants.

The Lee-Tarver model has a good physical meaning for  explaining the 
shock ignition phenomenon. The first term of Equation 1 represents the ignition 
of the specimen due to shock compression. The parameters in the first term control 
the  quantity of  hot  spots. The  second term  of  Equation  1 represents a  slow 
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reaction to produce gas. The parameters in the second term control the initial 
reaction based on the hot spots. The third term of Equation 1 represents a rapid 
completion of the reaction at high pressure and temperature.

For ignition and growth modelling, the equation of state of the unreacted 
explosives and  the  reaction products is  required. A  Jones-Wilkins-Lee 
(JWL)  equation of  state is  always applied for  the  unreacted explosives 
and the reaction products as Equations 2 and 3, respectively [17-19]:

� (2)

� (3)

where P is  the pressure, the parameters R1, R2, R3, R5, R6, A, B, xp1, xp2, g1, 
ω are constants, Cv is the heat capacity, T0 is the initial temperature of the specimen 
and Tp is the temperature of the products. Note that the subscripts e and p represent 
the unreacted explosive and the reaction products, respectively. The parameters 
at the temperature of 25 °C are listed in Table 1 [20].

Table 1.	 Parameters for the ignition and growth modelling (temperature = 25 °C)
I a b c x G1

6.43 × 1011 0.16 0.667 0.667 20 1.3

d y G2 e g z
0.111 1 400 0.333 0.579 2.1705

R1 R2 R3 R5 R6

9722 −0.05835 2.4656 × 10−5 14.1 1.41

A B xp1 xp2 g1

8.524 0.1802 4.55 1.3 3.8 × 10−4

For the primary explosive, the high explosive burn model and the JWL equation 
of  state of  the  gaseous products were  applied to  describe the  detonation 
phenomenon. The  simulation pressure was  close to  the  detonation pressure 
of the primary explosive. It should be mentioned that the JWL equation of state 
was  also presented as  Equation  3. Considering  that the  primary explosive 
was  HMX-based, the  parameters of  the  JWL  equation of  gaseous products 
for the primary explosive were consistent with those parameters A, B, xp1, xp2, 
g1 in Table 1.
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The metal plate was applied to control the input pressure acting 
on the specimen by means of its thickness. In this study, aluminum was employed. 
Generally  the  Gruneisen equation of  state could describe the  mechanical 
behaviour of  aluminum under shock conditions. The  parameters are  listed 
in Table 2.

Table 2.	 Gruneisen parameters for the aluminum plate
ρ [kg·m–3] C [m·s–1] s1 s2 s3 γ0 a

2770 5330 1.338 0 0 2.13 0.666

The commercial software Ls-dyna was  used for  this  simulation. 
The materials’ models and parameters have been explained above. Additionally, 
considering the  structure of  the  experimental arrangement was  axially 
symmetric, only  a  2D  computation model was  built in  order to  avoid time 
consuming computation.

4	 Results and Discussion

Figure 2 shows the pressure measurements at  different positions, 0  mm, 
3  mm, 6  mm  and  9  mm, respectively, based  on  the  pressure gauges under 
the different temperature conditions. The pressure gauges successfully measured 
the characteristics of the pressure during ignition and growth of the specimen. 
The  pressure obviously grew  along the  propagation wave, and  displayed 
the  typical shock to  detonation phenomenon. For  the  three temperature 
conditions, the input pressure was consistent due to pressure control by means 
of the aluminum plate. The growth of the input pressure was visible, while the rise 
time duration of the pressure at each distance became shorter as the ambient 
temperature was increased. Notice that at the positions 3 mm, 6 mm and 9 mm, 
after the pressure peak, the  explosive products expanded and followed the entropy 
principle. Furthermore, the pressure decreased.
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Figure 2.	 Pressure history under different temperature conditions based 

on the pressure gauges: (a) 25 °C; (b) 80 °C; (c) 120 °C

The peak pressures at different positions were noted. For  the  different 
temperature conditions, the trends of the peak pressures at different positions 
are  presented in  Figure  3. For  the  three conditions, the  input pressure 
was around 10 GPa. Due to the reaction, the peak pressure at the input position 
increased to around 16.5 GPa, 21.4 GPa and 19.3 GPa for temperatures 25 °C, 
80  °C  and  120  °C, respectively. Meanwhile, at  positions 3  mm and  6  mm, 
in the case of temperature 25 °C, the peak pressure exhibited a growth trend, 
but was less than 30 GPa. By contrast, in the cases of the higher temperatures 
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80 °C and 120 °C, the peak pressure was higher than 30 GPa. At position 9 mm, 
in the case of the low temperature experiment, the peak pressure was slightly 
higher than 30 GPa, while at the high temperatures, the peak pressure was around 
35  GPa, which  was the  detonation pressure of  the  specimen under study. 
In  the  case of  120  °C, at  position 6  mm the  pressure was  reduced slightly, 
while at position 9 mm the pressure was increased slightly. A similar interesting 
phenomenon was  also observed by  Tan  [10]. This  was  probably because 
the equation of state of the unreacted explosives was changed. As the temperature 
was  increased, the  specimen has  an  obvious volume expansion. In  addition, 
the distance of the shock to detonation transient was not less than 9 mm, between 
3 mm and 6 mm, and less than 3 mm, with respect to the three temperatures 
respectively. In order to determine the distance accurately, a complete pressure 
history measurement for smaller measured distances would be required.
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Figure 3.	 The trend of the peak pressures at different positions under different 
temperature conditions

The simulations were conducted based on the Lee-Tarver ignition and growth 
model. Figure 4 shows a comparison between the simulation and the experimental 
results under the different temperature conditions. Although there was a slight 
discrepancy in the shock arrival time, the Lee-Tarver ignition and growth model 
was able to describe the main pressure characteristics.
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Figure 4.	 Comparison between the experimental (solid lines) and the simulation 

(dashed  lines) results for  distances 0  mm  (blue), 3  mm  (red), 
6  mm  (green) and  9  mm  (black), under different temperature 
conditions: (a) 25 °C; (b) 80 °C; (c) 120 °C

In order to match the experimental and the simulation results, two critical 
parameters, R2 in the equation of state of the unreacted explosive (see Equation 2) 
and G1 in the chemical reaction rate (see Equation 3), were adjusted. Figure 5 shows 
the trends of these two parameters R2 and G1 under the different temperature 
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conditions. When  the  temperature was  increased from  25  °C  to  120  °C, 
the parameter R2 was reduced by ~8%, from –0.05835 to –0.06338. The parameter 
G1  was  increased by  ~60%, from  1.3 to  2.12. Due  to  the  high temperature, 
on  the  one  hand, the  mechanical behaviour of  the  unreacted explosive 
was changed. The materials could be compressed more easily due to thermal 
softening at  high temperature. This  resulted in  the  change in  parameter R2. 
On  the  other  hand, the  temperature conditions could influence the  chemical 
reaction rate. At  the  high temperature, the  energetic materials became more 
active, and the burning process especially would be accelerated, which is related 
to  parameter G1. As  the  experimental results showed, a  higher temperature 
resulted in  faster chemical reaction and  the  shock wave could  be  quickly 
increased up  to  the detonation. In  addition, considering that  the  temperature 
120 °C is well below the phase transformation of HMX, the intrinsic mechanism 
of the change of the ignition and growth could be confirmed as due to the equation 
of state of the unreacted explosive and the chemical reaction rate. 
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Figure 5.	 The trend of parameter R2 (a) and G1 (b) under different temperature 

conditions

5	 Conclusions

The shock ignition and growth of HMX-based PBXs under different temperatures 
conditions was  studied. The  temperature range was  from  25  °C  to  120  °C, 
which is probably encountered during the application of PBXs. The Lagrange 
experiments based on the pressure gauge technique were successfully conducted. 
The pressure history showed that the distance of the shock to detonation transition 
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was clearly reduced as the temperature was increased. When the temperature 
was 25 °C, the distance was not less than 9 mm. In case of 80 °C, the distance 
was between 3 mm to 6 mm, and when the temperature was 120 °C, the distance 
was less than 3 mm. The Lee-Tarver ignition and growth model was applied 
to simulate the experiments. This demonstrated that the model could adequately 
describe the  phenomenon. Due  to  the  temperature range without phase 
transformations, the  change in  temperature would influence the  equation 
of  state of  the unreacted explosive and  the  chemical reaction rate. The high 
temperature resulted in a reduction of the parameter R2 by ~8% and an increase 
of the parameter G1 by ~60%.
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