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Abstract: To study the influence extent and law of near-ambient temperature changes on shock initiation characteristics of explosives, an experimen-
tal device with local heating and cooling to explosive was designed and established. Combined with Lagrangian analysis method, the growth process
of shock initiation pressure at the near room temperature from 5 °C to 75 °C for two explosives (PBX-1: a HMX/TATB composite explosive; PBX-2 .
a TATB based IHE) was studied. Based on the experimental results, numerical simulation of the shock initiation process for two kinds of explosives
was performed by the model of ignition growth. The results show that as temperature changing from 5 °C to 75 °C, the growth of shock-initiation pres-
sure of two kinds of explosives is gradually changing fast, the run distance to detonation becomes shorter and the reaction rate parameter G, in the ig-

nition growth model becomes larger, indicating that the two explosives become more sensitive to shock as near-ambient temperature increasing, the

effects of near-ambient temperature changes on safety of explosives can not be ignored.
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1 Introduction

Over the past several decades, a considerable interest has
existed in studying safety aspects of heated explosives under
shock. In particular, the shock sensitivity of HMX-based high
explosives (HE)"'™! and TATB-based insensitive high explo-
sives (IHE) ™) under various thermal conditions has been ex-
tensively investigated. It has been widely accepted that when
exposed to heat, explosives may become more sensitive to im-
pact or to any other initiation mechanism than at ambient tem-
perature, because a higher temperature can lead to thermal ex-
pansion or even cause phase transitions of energetic materials,
thus changes in physical states (such as density, defect) of ex-
plosives occur, these may increase the “hot spots” and conse-
quently make the explosives easier to be initiated. However,
most of the previous studies mainly focused on shock sensitivi-
ty of HEs and IHEs at much higher (above 80 °C) or lower
(below 0 °C) temperatures than ambient, the shock initiation
behavior of explosives at near-ambient temperatures, the most
usual environment that explosives existed in, were not ade-
quately addressed. In this work, the experimental devices with
components of heating and cooling were designed separately

to investigate the effects of temperature on the shock sensitivity
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of two explosives (PBX-1: a HMX/TATB composite explosive;
PBX-2: a TATB based IHE) over the temperature range from
5 °C to 75 °C. The ignition and growth reaction rate model
was employed to simulate the shock initiation processes. The
main objectives here are to determine whether the near-ambi-
ent temperature changes influence the shock sensitivity of ex-
plosives. Also the work intends to provide more detailed infor-
mation on the shock initiation behavior of explosives at near-

ambient temperatures.

2 Experimental

2.1 Experimental Set-up

The experimental set-up used to study the shock initiation
process in explosives at various near-ambient temperatures is
shown in Fig.1. A planewave lens with additional booster ex-
plosive was used to create a high-pressure shock wave in the
inert materials. With the proper choice of explosive and inert
materials, the pressure of the shock wave entering the test
sample can be tailored. In this study, the booster explosive
was a HMX-based high explosive with detonation pressure of
36 GPa. The inert materials consisted of two layers; the lower
layer was an aluminum plate, which was also a part of the
sample heater or cooler. The upper layer was a Teflon plate,
which worked as an adiabatic layer to keep the booster explo-
sive from heating or cooling. The sample assembly consisted of
several explosive discs, gauge packages containing manganin

pressure gauges were embedded between individual discs™®™""".
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Fig.1 Experimental set-up used to study the shock initiation process in
explosives at various initial temperatures near ambient

1—detontor, 2—explosive planewave lens, 3—booster explosive,
4—teflon plate, 5—aluminium plate, 6—heater or fan cooler,

7—temperature controller, 8—themocouple, 9—manganin gauges

An electric-stove heater was used to heat the bottom and top
of the explosive plates. And a gap (1.0 mm) existed between
sample side surface and the heater to avoid confinement when
the samples expand with heat. A thermocouple was located at
the center of samples to monitor inner temperature of the test
explosives. Both the heater and thermocouple were connected
to a temperature controller, which could control the heat rate
and ensure the sample to be heated to a preset temperature. In

1

this work, the heat rate was about5 °C + min~' . For the low

temperature conditions, a fan cooler was designed separately
to cool samples to the temperature below ambient. Similar to
the heater, the fan cooler was also controlled by the tempera-
ture controller and cool the samples at the rate of about

3°C - min™.

2.2 Experimental Conditions

To study the effects of near-ambient temperature changes
on the shock initiation behavior of explosives, it is necessary
to make sure that the input conditions for each kind of explo-
sive are almost the same at different initial temperatures.
Table 1 shows the details of experiment information for PBX-1
(a HMX/TATB composite explosive) and PBX-2 (a TATB
based insensitive high explosive).

It is clear from Table 1 that in this work the input systems
of shock initiation experiments for each kind of explosive are
highly uniform. The density at 20 °C of each material was
floatation measured and had a high degree of uniformity.
However, it is worth noting that the lower insert layer (Al
plate) , which is used to tailor the input pressure, has differ-
ence in thickness for the two explosives (a 35 mm thick Al
plate for PBX-1 and a 23 mm thick Al plate for PBX-2 ). Be-
sides, the shock initiation tests under four temperature condi-
tions (5, 20, 40 ®Cand 75 °C) have carried out for PBX-1 but
three temperature conditions (5, 40 “Cand 75 °C) for PBX-2.

Table 1 Information of shock initiation experiments at different temperatures for PBX-1 and PBX-2
temperature density of ) ) ) depth of pressure
samples booster explosive the upper inert layer the lower inert layer
/°C sample/g - cm™ gauges/mm
> @50 mmx35 mm Al
20
PBX-1 40 1.85 @50 mmx50 mm @50 mmx10 mm plate with density of
PBX9505 with Teflon with 2.70 g+ cm™
75 . { 0,3,6,9
density of density of
5 @®50mm x 23mm Al
. -3 . -3
40 1.86 8- cm 2.16 g - cm plate with density of
PBX-2 1.90
75 2.70 g - cm™®

3 Reactive Flow Modeling

The ignition and growth reactive flow model of shock initi-
ation and detonation has been used to understand many shock
initiation and detonation studies of solid explosives and propel-

) The model uses

lants in several 1D, 2D, and 3D codes. "
two Jones-Wilkins-Lee (JWL) equations of state, one for the
unreacted explosive and the other for the reaction products, in

the temperature-dependent form

C,T,
pe =Ae 1 e Be 2V 2V \/V 0 (1)
E
C,T,
pP=Ae’R1VP+Be’R2VP+7w VV ’ (2)
P

Where p, and p, are the pressure, GPa (the subscript E repre-
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sent the unreacted explosive, and the subscript P represent the
reaction products); V is relative volume, cm’; T, is tempera-
ture of the unreacted explosive,K; T, is temperature of the reac-
tion products,K; w is the Grueneisen coefficient, C, is the aver-
age heat capacity, GPa - K™'; A, B, R, and R, are constants.
The unreacted explosive equation of state is fitted to the availa-
ble shock Hugoniot data, and the reaction product equation of
state is fitted to cylinder test and other metal acceleration data.

The reaction rate law for the conversion of explosive to

products is

Agf=[(1—A)b(lL—1—a) +G,(1-0) AP’ +G,(1-1) “A%p?

dt Po

O0<F<Fiynas 0<F<Fginais Fopmin<F<I (3)

Where F is the fraction reacted, tis time in ws, p is the current
density in g - cm™, p, is the initial density, g - cm™; p is the
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pressure, GPa; and I, G,, G,, a, b, ¢, d, e, g, x, vy, z, Table 2 Ignition and growth modeling parameters for PBX-1 and PBX-2
Figmax > Fimax » and F,, .. are constants. This three-term reaction . unreacted JWL
. arameters
rate law represents the three stages of reaction generally ob- P PBX-1 PBX-2
served during shock initiation and detonation of pressed solid A/GPa 9.32x10° 7.781x10°
explosives''*’ Table 2 contains the modeling parameters for B/GPa -5.35 -4.8
PBX-1 and PBX-2, and the Grueneisen parameters used for the 21 14.10 11,39
. . . . 1.41 1.13
inert materials are listed in Table 3. :
w 0.8867 0.8867
C,/ GPa - K™ 2.781x107° 2.487x1073
4 Results and Discussion To/K 298 298
product JWL
parameters
. PBX-1 PBX-2
4.1 Experimental Results
e _ A/GPa 852. 4 654.67
The shock initiation pressure evolution for the two explo- 8/GPa 18.02 71236
sives were measured using embedded manganin gauges over R, 4.6 4.45
the temperature range from 5 °C to 75 °C. Fig. 2 shows the R, 1.3 1.2
measured pressure histories at the four gauge positions(0,3,6, w 0.38 0.35
-1 -3 -3
9 mm) in PBX-1 under the conditions of 5, 20, 40 °C and 75 EV/ GPa - K 1.0x10 1.0x10
. 0.102 0.069
°C respectively. . " "
reaction rates
It can be found from Fig. 2 that the input pressure (the
¢ shock g h b | P hi (h ) parameters ~ PBX-1 PBX-2 parameters PBX-1 PBX-2
pressure of shock wave entering the test samples), which is o 022 b 0667 0,667
measured by the first manganin gauges at Omm depth, is about c 0.277  0.667 d 0.667  0.111
10 GPa for all the four temperature conditions. The gauge re- e 0.333  0.333 g 1.0 1.0
cords show rapid pressure increases, indicating the rapid X 20.0 7. y 2.0 1.0
growth of shock wave. Fig.3 shows the peak pressure of gau- z 2.0 3. I 7.4x10"" 4.0x10°
. . Fi F
ges at different depth under the four temperature conditions, gmax 0.3 0. Glmax 0.5 0.5
d Fig. 4 shows the time for shock ing from 0 Famin 0.5 0 G, 48.0  0.48
and Fig.4 shows the time for shock wave running from 0 mm G, 400 400
to 9 mm under the four temperature conditions.
Table 3  Grueneisen parameters for inert materials
inert p/g - cm™ shear modul/GPa C/km - s S, S S; Yo
Teflon 2.160 2.33 1.68 1.123 2.98 -5.8 0.59 0
Al 2.703 27.6 5.24 1.4 0 0 1.97 0.48
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Fig.2 Measured pressure histories at the four gauge positions in PBX-1

under different temperature conditions
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Fig.4 The time for shock wave running from Omm to 9mm depth of

PBX-1 under the four temperature conditions
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It can be found from Fig.3 that when shock wave (or det-
onation wave) running to 9 mm depth of the samples, no in-
crease in peak pressure occurs for the conditions of 40 °C and
75 °C, however, for 5 °C and 20 °C, the peak pressure grows
to about 34 GPa, which is close to the detonation pressure of
PBX-1. These results indicate that when the PBX-1 is impacted
by a shock wave of about 10 GPa at near-ambient tempera-
tures, the run distance to detonation is between 6 mm and
9 mm for 5 °C, about 6 mm for 20 °C and between 3 mm and
6 mm for 40 °C and 75 °C. Besides, from Fig. 4, it can be
found that the time for shock wave running from 0 mm to
9 mm decreases as the initial temperature increases.

All the results above clearly show that the near-ambient
temperature changes affect shock initiation characteristics of the
PBX-1: as temperature changing from 5 °C to 75 °C, the pres-
sure in shock front grows more rapidly, the run distance to det-
onation becomes shorter, and the PBX-1 becomes more sensi-
tive to shock. For this trend, one reasonable cause may has
been that the thermal expansion with heat led to a higher con-
centration of voids or other defects in the samples, these can
increase the “hot spots” and consequently make the explosives
easier to be initiated.

Fig. 5 shows the measured pressure histories at the four
gauge positions in PBX-2 under the conditions of 5, 40 °C and
75 °C respectively.

It can be seen from Fig. 5 that the input pressure is about
15 GPa for all the three temperature conditions. Fig. 6 shows
the peak pressure of gauges at different depth under the three
temperature conditions, and Fig. 7 shows the time for shock

wave running from 0 mm to 9 mm under the three temperature

conditions.
35 Drom 35
© 30
& 257
E 20
2 154
173 Omm
g 10 ——3mm
54 ——6mm
0 0 —9mm
10 1 12 13 14 10 1 12 13 14
time / us time / us
a. 5 C b. 40 °C
35 Omm
30+ ——3mm
S o] ——6mm
?5 % —9mm
= 20
2 151
3 101
o
5_
0 T T T
10 1 12 13 14
time / us
c. 75 C

Fig.5 Measured pressure histories at the four gauge positions in PBX-2

under different temperature conditions
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Fig.6 The peak pressure of gauges at different depth of PBX-2 under

the three temperature conditions
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temperature / C
Fig.7 The time for shock wave running from 0 mm to 9 mm depth of

PBX-2 under the three temperature conditions

From Fig. 6, it can be found that when shock wave (or
detonation wave) running from 6 mm to 9mm depth of the
PBX-2 samples, no increase in peak pressure occurs for the
conditions of 40 °C and 75 °C, however, for 5 °C, the peak
pressure grows to about 30 GPa, which is close to the detona-
tion pressure of PBX-2. And from Fig. 7, it can be seen that
the time for shock wave running from 0 mm to 9 mm depth of
PBX-2 decreases as the initial temperature increases.

These results also indicate that, similar to PBX-1, the near-
ambient temperature changes affect shock initiation behavior of
the insensitive explosive PBX-2: as temperature increasing from
5 °C to 75 °C, the pressure in shock front grows more rapidly,
the run distance to detonation becomes shorter, and the PBX-2

becomes more sensitive to shock.

4.2 Comparison of Experimental and Calculated Results

The ignition and growth simulation of the shock initiation
of PBX-1 at5, 20 ,40 °C and 75 °C are illustrated in Fig.8 , re-
spectively. Fig. 9 shows the comparison of experimental and
calculated results for the shock initiation of PBX-2 at5 , 40 °C
and 75 °C, respectively.

From Fig. 8 and Fig. 9 it is quite evident that the ignition
and growth model simulates experimental records quite well
and can be reliably used to describe the shock ignition process
involving high explosive PBX-1 and insensitive high explosive
PBX-2 at temperature range from 5 °C to 75 °C. While most of
the modeling constants remain unchanged, only few of them
require a change depending on the temperature. These con-
stants are shown in Table 4.

It can be found from Tables 4 that the unreacted JWL con-

stant B decreases with an increase of temperature, however the
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reaction rate model constant G, increases as temperature in-
creases, indicating that both of PBX-1 and PBX-2 react more
rapidly as temperature changing from 5 °C to 75 °C. This is
consistent with previously published shock initiation experi-
ments and calculations on other explosives. "’

In contrast to the experiments, which provide limited data
on shock pressure at only four positions of the samples, the nu-
merical simulations provide more detailed information on the
shock initiation processes. Fig. 10 show the calculated shock
pressure profiles at various depth of PBX-1 for 20 °C and 75 °C
conditions respectively. From this figure the detailed growth
processes of shock waves have been clearly presented, and it
can be found from Fig. 10 that the run distance to detonation is
about 6 mm for 20 °C but 4.5 mm for 75 °C.

40 experimental data 40 experimental data |
357~ - - calculated data 357 - - calclated i |
& 30] : f
; 25'
5 20
8 157 SN
S 10 \\ \\:‘
5] T
0 iy T 0 r y T
11 12 13 14 15 1" 12 13 14 15
time / us time / us
a. 5C b. 30 °C
40 - 40 -
experimental data experimental dafa 1
351 359- -~ calculated data
0 & 301
© 254
@ 204
>
B 151
£ 104
5.
0 T T T
1" 2 13 14 15
time / us
d. 75 °C

Fig.8 Experimental and calculated pressure profiles in the shock initia-
tion of PBX-1 at different temperatures
40 experimental data 40 experimental data
357~ - - calculated data 351 - calculatedydgta
£ 30 ! © 30
O 254 AR O 25
£ 201 A1l o 204
] FONRY 2 151 )
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925
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5 1
0 : ———
9 10 11 12 13 14 15
time / us
c. 75 °C

Fig.9 Experimental and calculated pressure profiles in the shock initia-
tion of PBX-2 at different temperatures
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Table 4

different temperatures

Ignition and growth modeling parameter changes for PBX-1 at

. temperature unreacted JWL reaction rate constant
explosive 4
/ constant B/GPa G,/ GPaY - ps
5 -5.22x102 4.8%10°
20 -5.35x%102 4.8x10°
PBX-1
40 -5.38%10? 5.0x10°
75 —-5.40x10? 5.5x10°
5 —4.69x%102 4.6x10°
PBX-2 40 —4.80x10?2 4.8x10°
75 —-4.85x10?2 5.1x10°

presssure / GPa

115 12.0 13.0 1?;.5 14.0 14.5
time / us
a. 20 C
40
Omm
35
o 304
S 254
% 204
é 15
<10
54
0 T T T T T
11.5 12.0 12.5 13.0 13.5 14.0 14.5
time / us
b. 75 °C
Fig. 10 Calculated shock pressure profiles in the shock initiation of

PBX-1 at different temperatures

Based on the ignition and growth modeling parameters cal-
ibrated by the experiments, it is possible to numerically simu-
late the shock initiation processes of samples which are impact-
ed by various input pressures and obtain the “pop plot”. The
relative shock sensitivity of PBX-1 and PBX-2 at different initial
temperatures is illustrated on the “pop plot” shown in Fig. 11.
The “pop plot” represents a plot of run distance to detonation
as a function of impact pressure in a log-log space. The closer
the points are to the origin of the plot the more sensitive the ex-
plosive is to shock pressure. From Fig. 11 a clear progression
from least sensitive at 5 °C to most sensitive at 75 °C for both of
PBX-1 and PBX-2 is observed. In fact, for the same input pres-
sure, the run distances to detonation of PBX-1 and PBX-2 at
75 °C are about 30% and 20% shorter than that of PBX-1 and
PBX-2 at 5 °C respectively, this indicates that the effects of
near-ambient temperature changes on the safety of the explo-
sives cannot be ignored.
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Fig. 11 Pop-plot for PBX-1 and PBX-2 at different initial temperatures

5 Conclusions

(1) As temperature changing from 5 °C to 75 °C, the
shock initiation pressure in both of the two PBXs grew more
rapidly, the run distance to detonation became shorter and the
reaction rate model constant G, increased gradually, these in-
dicated that the two explosives became more sensitive to shock
as near-ambient temperature increasing.

(2) The reasons for the samples at higher initial tempera-
ture being more sensitive to shock were: thermal expansion
which led to lower density and the creation of more voids within
the explosives and thus more hot spots to initiate reaction and
faster growth of these hot spots into the surrounding particles
and consequently made the explosives easier to be initiated.

(3) The effects of near-ambient temperature changes on
safety of explosives could not be ignored.
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