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1 Abstract

A series of two-dimensional mechanical-chemical simulations were performed to describe the different
reaction stages of confined PBX charge undergoing low-velocity impact (~100m/s). The ratio of length to
diameter of the samples are 0.5, 1.0, and 2.0, respectively. An ignition criterion of effective plastic work
was employed to predict the ignition response of the PBX charge. A pressure-dependent reaction rate
equation was utilized to describe slow burning and its growth to deflagration following ignition. Simulated
results show that the incident stress wave reflection from lateral surfaces contributed to the formation of
potential ignition regions for cylinder-shaped charges with a length-to-diameter ratio of 2.0. After the
ignition, the reaction violence characterized by the reaction rate of the mass fraction increased as impact
velocity increased for 150-400m/s, whereas impact velocity had little influence on the reaction violence
for 80—150m/s.

2 Introduction

Numerous abnormal impact scenarios may cause accidental initiation of energetic materials. Significant
focus on the safety of energetic materials is required to ensure that these materials can be transported or
stored safely until they are utilized exactly as intended [1].

The variations of impact velocity have influences on ignition response and reaction violence of the PBX
charge. Most previous studies have investigated the shock initiation of explosives (SDT) [2-4]. In shock
initiation, the strength (1-2 GPa and higher) and the duration (~0.1 ps) of initial shock waves are sufficient
to induce detonation rapidly. In practice, explosives are more likely to be subjected to low pressure impact
loading conditions, where XDT (unknown to detonation) often occurs. For the low-velocity impact, the
impact pressure is relatively low (~0.1 GPa), and its duration is relatively long (~1 ms); hence, a two-stage
compression wave (elastic and plastic wave) is formed. Chemical reaction first occurs at the local regions
of charge rather than throughout the entire regions. The violence of the reaction induced by such mild

*Correspondence to: wuyqing@bit.edu.cn (Yanqing WU) 1



Kun, Y. Mechanochemical responses for confined PBXs under low-velocity impact

impacts is uncertain, including the non-reaction event, possible ignition, steady burning, or even a violent
explosion. Such non-shock impact ignitions have been studied by several researchers and are still the
subject of continuing research [5-9].

In the present work, a numerical framework describing the behavior of deformation, ignition, burning or
deflagration, and temperature information efficiently for confined HEs undergoing low-velocity impact are
developed. The three main objectives are as follows: (i) to investigate the relation between mechanical
response and ignition of PBXs under different impact velocities; (ii) to compare the differences of ignition
events of the charge with three different ratios of length to diameter; (iii) to predict the violence of
chemical reaction inside the confined charge under different impact velocities.

3 Model Descriptions

An elastoplastic constitutive relation was employed to describe the dynamic response of PBXs and to
improve the practicability of the model in a finite element framework. The strength model was pressure-
and strain-rate-dependent. Moreover, the effects of temperature and chemical reaction process on the yield
strength were also considered. The strength model can be described as,
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where C;-C4 denote the strength of PBXs under quasi-static load, the hardening coefficient of material
under pressure, the coefficient of strain rate, and the coefficient of temperature, respectively; p and 4

denote pressure and mass fraction reaction; &=&/ &is the equivalent plastic strain-rate normalized to &

=1.0 s'; and T* is the dimensionless temperature calculated by Eq. (2), where 7T is the absolute
temperature, 7 is the room temperature, and Ty, is the melting temperature.

The deposition of sufficient thermal energy in a finite volume of explosive strongly influences ignition.
Ma et al. [10] assumed that the heat deposition results from the effective plastic work. The plastic work is
effective for depositing thermal energy only when the specific plastic power (Py) increases to a critical
value (Py). The ignition occurs when the effective plastic work (W) reaches a threshold value (Wy). The
dual ignition criterion is expressed as,
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st

W, (1)=[ P, ()t 0, =W, 1) 0

where Py (f) and W (f) denote a function of the specific plastic power and the effective specific plastic
work, respectively, with time #; Py and W, are ignition threshold parameters [10]; o, is von-Mises stress;
£,g, is the effective plastic strain rate; and #,, #, denote the time when the plastic work begins to be
deposited and the ignition occurs, respectively.

A reaction kinetics equation and two equations of state were employed based on the concept of reactive
flow first proposed by Lee [3] to describe the chemical reaction process of HEs. In this simulation, a
pressure-dependent reaction rate was selected to describe slow burning and deflagration of explosives.
The reaction kinetics equation can be described as follows:

dA _ . e an . s
dt—G(l A)' Ap ©)

where 4 is the mass fraction reaction and a, b, ¢, and G are constants.
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The Griineisen and JWL equations of state were utilized to describe the pressure-volume relation for
reactants and gaseous products, respectively. Following the analysis of Handley [11], the equation of state
with an isentrope as the reference curve has analytic expressions for temperature. Two temperature
calculation formulations were therefore imported to simulate the thermal response of HEs undergoing
chemical reaction. In the present study, unreacted explosive and gaseous products are assumed to be in
thermomechanical equilibrium in a reacted element.

4 Results and Discussion

The experimental geometry of the target assembly is shown in Fig. 1(a). A cylindrical PBX charge with
three different sizes: ®40x78mm, ®40x40mm, and ®40x20mm (see Fig. 1(b) ) was confined by a 45-
mm-thick steel back plate and a 15-mm-thick steel sleeve. A 5-mm-thick Teflon retaining ring positioned
the charge within the confinement. The steel projectile impacted normally on the front surface of the
charge. Only half of the structural geometry model was established using the 2D finite element numerical
model, as shown in Fig. 1(c). Four locations within the sample labeled by location #1-4 were selected to
describe the following analysis efficiently. The initial distances from the impact surface of locations #1—4
are 0, 26, 52, and 78 mm, respectively. Simulations were performed with Drexh-2D, a two-dimensional
explicit code of Lagrangian finite element.
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Figure 1. (a) The experimental geometry model (b) The PBX charge with three different sizes (c) 2D finite element
numerical model of the target assembly

4.1 The evolution of the stress under different impact velocities

Figure 2(a) presents the pressure histories at location #4 (charge size #1) with impact velocities of 100,
120, 150, and 180 m/s. In the selected region, a plastic wave (traveling at the plastic sound velocity)
propagates following an elastic wave (traveling at longitudinal sound velocity). At the impact velocity of
180 m/s, the plastic region was not observed in the curve because the loading strength was high enough to
form a shockwave. The propagation velocity of the shockwave was much higher than that of a plastic
wave. As the impact velocity decreased to 100 m/s, a 54-us-duration pressure plateau appeared within 35—
89 us due to the relatively low propagation velocity of the plastic wave. Following the pressure plateau,
the appearance of rapid growth should be related to the occurrence of ignition because a more violent
reaction followed by ignition can produce a large-scale pressure increment in a short time.

The evolution of the stress profile along the axis line of the charge (size #1) at impact velocity of 120
m/s is plotted in Fig. 2(b). The incident wave front propagated through the charge with 0.3 GPa during 0—
30 ps. The pressure plateau covers regions that have undergone plastic deformation. The deposition of the
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effective plastic work was sufficiently large to ignite the charge at location #1 after a 40 us-duration. After
30 us, the total stress at the back surface comprises the stress of incident and reflected waves. The charge
at location #4 was ignited at 50 ps. The pressure curve appeared a peak at 20 mm, which results from the
influence of incident stress wave reflection from the lateral surfaces. If the accumulation of the heat
energy at the pressure peak is sufficiently large, the charge may be ignited at this location.

Impact velocity: 120m/s

—_— location#1
3.57 100m/s 1.5 Jenen #2 #3 #4 =—— 5115
— 120m/s ' ' 0
3.0 150m/s ~ : — 10us
- — 180m/ 1.2+ L X ' 15us
& 257 = A‘ oy X ! ——20us
9 ?5 09y o | . I Bressure Peak | , 30us
@ 2.0 E 12 "’0“ : Reaction| 1 —*— 40Uis
= R 1! % ! '
2 1.54 2 Tloe ' 00, \ ——50us
§ § 0.6 I{E;:t’i:)l'\‘""... : 000,“‘ : —— 60}18
&~ 1.04 lasti s: y '0”...‘ M4 'r'..'o : "w:
elastic wav plastic wave 03 _u’"\ ' 'u.."" 1 .".."...n..
i ’ . \ Lo ',' — back
0.5 |Incident \\\\:\ \ \Jﬂectlon : surface
0.0 = T T ) 0.0 ; T : T )
0 25 50 75 100 125 150 0 20 40 60 80
Time (us) Distance from the impact surface (mm)

Figure 2. (a) The pressure histories at location #4 with 100, 120, 150, and 180 m/s impact velocities.
(b) The pressure versus position curves at various times for charge with size #1 at 120m/s.

4.2 Prediction of ignition event for PBX charge with different sizes

Figure 3(a) presents the mass fraction reaction contour of the charge (size #1) at an impact velocity 100
m/s, in which three potential ignition regions (#1, #2, and #3) are marked. Regions #1 and #2 are located
at the corner of the impact surface, where the maximum of the mass fraction reaction is approximately 6%.
The occurrence of ignition at these regions results from the level of stress concentrations at these sites
being much higher than average values. In region #3 (20 to 35 mm distance from the impact surface), the
ignition is triggered due to the effect of the overlapping of the incident and lateral reflected stress waves at
the axis line of the charge. Unlike 100 m/s, at an impact velocity of 180 m/s, the entire charge reaction at
the impact surface was caused, as presented in Fig. 3(b). This phenomenon indicates the strength of
incident shock wave is high enough (0.5 GPa) to cause the entire charge react.
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Figure 3. Mass fraction reaction contour of PBX sample (a) Size #1, impact velocity: 100 m/s, =50 ps;
(b) Size #1, impact velocity: 180 m/s, =6 us; (c) Size #2, impact velocity: 120 m/s, =20 pus
(d) Size #3, impact velocity: 120 m/s, =12 ps.
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Figures 3(c) and 3(d) show ignition regions of the charge with size #2 and size #3, respectively. For the
charge with size #2, region #3 was formed due to the overlapping of the incident and reflected stress
waves at the back surface. If the length-to-diameter ratio of the charge is small enough (e.g. size #3: 0.5),
the incident wave will propagate with a short duration between the impact surface and back surface.
Ignition regions at impact and back surfaces combined with each other. The ignition front therefore
gradually converged from the boundary to the center of the charge, as shown in Fig. 3(d).

4.3 Prediction of reaction violence under different impact velocities

Figures 4(a) and 4(b) present the reaction rate of mass fraction histories at the back surface with a series
of impact velocities for sizes #1 and #2. In Fig. 4(a), when the impact velocity is higher than 120m/s (150,
180, and 210 m/s), the maximum of reaction rate at an impact velocity of 210 m/s is 24.7% higher than the
value at an impact velocity of 150 m/s. In addition, at an impact velocity of 210 m/s, the duration of the
chemical reaction is 8.9 us lower than that of 150 m/s. The above analysis indicates that the release rate of
chemical energy at 210 m/s is much higher than that at 150 m/s. In other words, reaction violence
increases with the increasing impact velocity. For 80, 100, and 120 m/s impact velocity, the maximum of
reaction rate at an impact velocity of 120 m/s is only 8.5% higher than the value at an impact velocity of
80 m/s. Meanwhile, the duration of a chemical reaction between 80 m/s and 120 m/s has little difference.

The ignition front at medium-level impact velocity (>120m/s) follows the propagation of the initial
incident shock wave. The strength of shockwave is sufficiently high to induce a deflagration after ignition.
The violence of deflagration increases with the increasing strength of shock wave. For the low-level
impact (£120m/s), the low-strength incident stress wave can only cause chemical reactions at local regions,
as discussed in Fig. 3(a). Following the ignition, steady burning is triggered inside the charge. Thus,
impact velocity has little effect on the reaction violence for the low-level impact.

As shown in Fig. 4(b), impact velocity has little influence on reaction violence of the charge with size
#2 at the back surface. The length of the charge with size #2 is sufficiently small that reflected waves
formed at the back surface can propagate to the impact surface in 15-ps-duration. When the steady
burning is triggered inside the charge under the low-level impact, reflected waves will accelerate the rate
of chemical reaction, thereby catching the reaction rate induced by medium-level impact. In addition, the
maximum of reaction rate of the charge with size #2 under medium-level impact (e.g. 210 m/s) was
smaller than that of size #1. That’s because the overlapping of the incident waves and reflected waves
formed in lateral surfaces increased the reaction violence in size #1.
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Figure 4(a) and (b). The predicted reaction rate of mass fraction histories with size #1 and #2 at 80, 100, 120, 150,
180, and 210 m/s impact velocities.

5 Conclusions
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Using hydrodynamic-code, Drexh-2D, a series of two-dimensional mechanical-chemical simulations
was performed to describe the reaction stages of confined PBX charge undergoing low-velocity impact
(~100m/s). Simulated results show that the incident stress wave reflection from lateral surfaces
contributed to the formation of potential ignition regions for charges with a length-to-diameter ratio of 2.0.
After the ignition, the reaction violence characterized by the reaction rate of the mass fraction increased as
impact velocity increased for 150-400m/s, whereas impact velocity had little influence on the reaction
violence for 80—150m/s. This phenomenon results from the deflagration induced in the higher-velocity
impact, and its violence is related to the strength of the shock wave. However, the lower-velocity stress
wave only induces ignition at local regions, and sequent burning is no longer sensitive to the strength of
the incident wave.

In future work, a damage sub-model, which includes the creation of porosity and cracks, should be
incorporated in the reactive model because the evolution of damage will increase the specific surface area
and accelerate the burning process.
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