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Penetration-deflagration coupling damage performance of rod-like 

reactive shaped charge penetrator impacting thick steel plates 

Abstract 

The penetration-deflagration coupling damage performance of rod-like reactive 

shaped charge penetrator (RRSCP) impacting thick steel plates is investigated by 

theoretical analysis and experiments. A penetration-deflagration coupling damage 

model is developed to predict the penetration depth and cratering diameter. Four type 

of aluminum-polytetrafluoroethylene-copper (Al-PTFE-Cu) reactive liners with 

densities of 2.3, 2.7, 3.5, and 4.5 g·cm−3 are selected to conduct the penetration 

experiments. The comparison results show that model predictions are in good 

agreement with the experimental data. By comparing the penetration depth and 

cratering diameter in the inert penetration mode and the penetration-deflagration 

coupling mode, the influence mechanism that the penetration-induced chemical 

response is unfavorable to penetration but has an enhanced cratering effect is revealed. 

From the formation characteristics, penetration effect and penetration-induced 

chemical reaction behaviors, the influence of reactive liner density on the 

penetration-deflagration performance is further analyzed. The results show that 

increasing the density of reactive liner significantly increases both the kinetic energy 

and length of the reactive penetrator, meanwhile effectively reduces the weakened 

effect of penetration-induced chemical response, resulting in an enhanced penetration 

capability. However, due to the decreased diameter and potential energy content of 

reactive penetrator, the cratering capability is weakened significantly. 

Keyword: Reactive materials; Al-PTFE composites; Penetration model; Damage 

effect 

1. Introduction 

The application of reactive liners in shaped charges breaks through the limitation 

of the single kinetic energy damage mode of traditional shaped charges with metal 

liners, and provides a new way for efficiently against armors and concrete 

fortifications [1,2]. Different from the traditional metal liner, this kind of reactive liner 

prepared by reactive materials (typical as aluminum-polytetrafluoroethylene 

composites) has both strength and energy attributes. More importantly, the reactive 

shaped charge penetrators (typical as reactive jets, rod-like reactive shaped charge 

penetrators (RRSCP)) formed by the reactive liners under the explosion drive not only 

have good kinetic energy penetration capability, but will also spontaneously induce 

deflagration reactions during penetration or after perforation. The damage capability 

could be dramatically enhanced by the combined effect of kinetic energy penetration 

and chemical energy release [3–6]. However, as an important characterization 

parameter of the terminal damage power of the shaped charge and an important basis 

for its structural optimization and design, the penetration-deflagration performance of 

reactive shaped charge penetrator has not been effectively predicted by model. 
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Existing research and design efforts are mainly based on experiments, which are 

relatively high cost-effectiveness ratio. 

There are two major challenges in model prediction or research on the 

penetration-deflagration performance of reactive shaped charge penetrators. The key 

challenge is that the penetration-deflagration coupling damage process of reactive 

shaped charge penetrators involves complex dynamics, thermodynamics and 

thermochemistry, which is difficult to understand. Guo [7] proposed a reaction delay 

hypothesis in the study on the penetration-deflagration behavior of reactive jet. She 

considers that there is a time delay in the chemical reaction of the reactive jet during 

formation and penetration. Before this delay, the reactive jet remains inert and the 

damage mode is single kinetic energy penetration, but when the delay time is reached, 

the reactive jet immediately deflagrates completely, meanwhile the penetration 

terminates. Until now, most of the theoretical studies on the penetration-deflagration 

behavior of reactive shaped charge penetrators are based on the reaction delay 

assumption [7–10]. Combining the virtual origin model and penetration experiments, 

Guo [7] discussed the effects of standoff and reaction delay time on the penetration 

capability of reactive jet. Analysis shows that comparing with the standoff effect, the 

reaction delay time of reactive jet is the primary determinant of the penetration depth, 

showing a significant increase with the increase of the reaction delay time. 

Subsequently, Guo [8] found that the density of reactive jet showed a gradient 

distribution through numerical simulations and X-ray experiments. The linear 

distribution and deflagration pressure generated by each jet element at the bottom of 

crater are then introduced into the virtual origin model and the Bernoulli equation, 

respectively. Based on the modification, the analysis models for penetration depth and 

radial cratering of reactive jet are developed, and the penetration experiments of the 

reactive jet against steel plate are conducted to verify the validity of the model. In 

addition, it is [9] revealed that the wave shaper would increase the formation 

temperature rise of reactive jet and decrease the reaction delay time, resulting in a 

premature termination of penetration, which is unfavorable to penetration. Zheng [10] 

studied the chain damage effects of multi-spaced plates by reactive jet impact. The 

damage mechanism is revealed that the reactive jet produces mechanical perforations 

on the spaced plates by its kinetic energy, and then results in unusual chain rupturing 

effects and excessive structural damage on the spaced plates by its deflagration 

reaction. Then an analysis model is developed to discuss the rupturing damage 

behaviors. The analysis results show that the rupturing hole area on aluminum plates 

depends strongly upon the kinetic energy only-induced pre-perforations, the effective 

mass of the reactive jet, and the plate thickness. However, the reaction delay time, a 

key parameter used in these model calculations, needs to be obtained experimentally. 

Furthermore, the penetration-deflagration process of reactive shaped charge 

penetrators is actually a coupling effect of penetration and deflagration. However, the 

penetration-deflagration coupling interaction mechanism is not well understood, 

especially the influence mechanism of the penetration-induced chemical response on 
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the penetration and cratering, which is still unclear. 

Another major challenge is that the penetration-deflagration coupling damage 

behaviors of reactive shaped charge penetrator are extremely complex, involving the 

comprehensive effects of various factors, such as the type of reactive shaped charge 

penetrator, the mechanically and chemically coupled formation characteristics and its 

material properties. Among them, the material density is an important mechanism to 

regulate the penetration-deflagration performance of reactive shaped charge 

penetrator [11]. From the existing published literature, the research object mainly 

focuses on the reactive jet, but there are relatively few studies on the RRSCP. Sun [12] 

observed through X-ray experiments that the reactive spherical segment liners can 

form excellent rod-shaped penetrators with tail skirts under the shaped charge effect. 

Based on the numerical simulation and thermal activation reaction theory, the 

composite formation structure characteristics of RRSCP composed of an inert-like 

leading reactive penetrator and a following chemical energy cluster is revealed. The 

unique composite formation structure allows the RRSCP to first perforate the 

aluminum plate by the leading reactive penetrator like a metal penetrator, and then 

release chemical energy by the following chemical energy cluster to cause further 

damage in a form of overpressure, resulting in a rupturing damage on the aluminum 

plate. In addition, the influence of the aluminum-polytetrafluoroethylene-copper 

(Al-PTFE-Cu) reactive liner density on the penetration capability of RRSCP is 

discussed from the formation point of view. Analysis shows that a higher liner density 

allows the Al-PTFE-Cu RRSCP to elongate more sufficiently, and greatly alleviates 

the negative effects of chemical reactions on the elongation, leading to a greater 

length-diameter ratio and thus significantly enhancing the penetration capability. Sun 

[13] also analyzed the penetration performance differences between reactive jet and 

RRSCP by comparing their formation morphologies, velocities, and activation 

reaction behaviors. It is pointed out that the chemical reaction of the activated 

material near the head and axis of the reactive jet will destroy the structural stability 

and cohesion of reactive jet during formation, which is unfavorable to penetration. 

Compared with the reactive jet, the shock reaction of RRSCP mostly occurs in the tail 

debris area, which has little effect on the overall performance of the penetrator and 

even the penetration capability. From the above studies, the research on the 

penetration-deflagration behaviors of RRSCP are not profound enough, especially the 

influence of the reactive liner density on the penetration-deflagration performance of 

RRSCP, which is not comprehensively analyzed. 

In this paper, the theoretical model for the penetration-deflagration coupling 

damage performance is firstly developed and experimentally verified. Then, the 

influence mechanism of the penetration-induced chemical response on the 

penetration-deflagration performance is revealed by comparing the penetration depth 

and cratering diameter in the inert penetration mode and the penetration-deflagration 

coupling mode. Lastly, the influence of the Al-PTFE-Cu reactive liner density on the 

penetration-deflagration coupling damage performance of RRSCP is discussed at 
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three levels, namely, the formation characteristics, the penetration effect, and the 

penetration-induced chemical response behaviors. 

2. Theoretical model for penetration-deflagration coupling damage 

2.1. Description of penetration-deflagration process 

Compared with the traditional metal shaped charge penetrator, the damage 

behavior of RRSCP impacting steel plates is more complicated. On the one hand, the 

formed RRSCP exhibits a unique composite structure composed of a leading reactive 

penetrator and a following chemical energy cluster, as shown in Fig. 1(a). Before 

impacting the plate, the leading reactive penetrator is inert-like, while the following 

chemical energy cluster will react and release chemical energy. This may trigger a 

morphology change of the reactive penetrator, and the effective mass of the reactive 

penetrator is difficult to evaluate. On the other hand, the reactive penetrator will be 

activated to react under the high penetration load, thus exhibiting a combined damage 

mode of kinetic penetration and chemical energy release. Furthermore, the RRSCP 

not only has an obvious velocity gradient, but also shows obvious temperature 

distribution characteristics, as shown in Figs. 1(b) and 1(c). This means that the 

activation reaction behaviors of each element in the reactive penetrator are different 

during penetration. 

 

Fig. 1. Typical formation characteristics of RRSCP: (a) Composite structure feature; (b) Velocity 

distribution; (c) Temperature distribution. 

In order to better understand the penetration-deflagration behaviors of RRSCP, 

its penetration-deflagration process is divided into three main stages, as shown in Fig. 

2. 

The first stage is the initial response stage, see Fig. 2(a). The RRSCP impacts the 

plate at high speed, producing two shock waves that propagate forward into the plate 

and backward into the reactive penetrator, respectively. The compressed reactive 
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materials and plate material experience high-strain-rate plastic deformation, and their 

temperatures rise sharply. At the same time, some reactive material debris ejects 

outward. Subsequently, a radial rarefaction wave is rapidly transmitted into the 

reactive penetrator, which causes the shock wave propagating in the reactive 

penetrator to stay near the impact interface. As a result, a stagnation shock wave in the 

reactive penetrator is formed. Between the stagnation shock wave and the impact 

interface, the reactive materials at high temperature, high pressure and high strain rate 

are activated to react, forming a chemical reaction zone. It should be pointed out that 

the duration of this stage is short, the penetration depth is small and the consumption 

of reactive penetrator is minimal. 

The second stage is the steady penetration-deflagration stage, which is also the 

main stage, see Fig. 2(b). After the chemical reaction zone is formed, the subsequent 

reactive elements first experience a certain degree of chemical reaction and then 

impacts the steel plate. Under the strong impact compression, the shear deformation 

and fracture of reactive materials near the impact interface are caused, producing a 

large number of debris dispersing laterally along the hole wall. Meanwhile, the 

reactive material debris with larger specific surface and lower surface ignition energy 

will be ignited, which then expands rapidly to develop into deflagration. Subsequently, 

the plate material flows plastically and the penetration depth increases steadily under 

the combined effect of continuous kinetic energy penetration and chemical energy 

release of the reactive penetrator. 

The third stage is the deflagration stage of the following chemical energy cluster 

into the penetration hole, see Fig. 2(c). As the leading reactive penetrator continues to 

penetrate, part of the following chemical energy cluster follows into the penetration 

hole along the penetration channel. When the reaction reaches a certain level or the 

secondary activation effect is caused by impact, the following chemical energy cluster 

deflagrates and releases chemical energy inside the penetration hole, resulting in an 

enhanced damage effect. It should be noted that when the standoff is large enough, the 

following chemical energy cluster has deflagrated before entering the penetration hole, 

so it will not contribute to the damage. 
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Fig. 2. Penetration-deflagration behavior of RRSCP impacting thick steel plate: (a) Initial 

response stage; (b) Steady penetration-deflagration stage; (c) Deflagration stage of following 

chemical energy cluster into penetration hole. 

2.2. Penetration depth 

As described in Section 2.1, the penetration-deflagration behavior of RRSCP is 

complex due to the coupled response mechanism of kinetic and chemical energy. In 

order to quantitatively analyze the penetration-deflagration coupling damage 

performance of RRSCP, the following assumptions are made: 

(1) The influence of following chemical energy cluster on the formation of 

leading reactive penetrator is ignored. 

(2) The initial response stage and the deflagration stage of following chemical 

energy cluster are ignored. It is considered that the steady penetration and deflagration 

occur when RRSCP impacts the plate. 

(3) The shock wave effect in the plate is ignored. 

(4) The reactive penetrator remains continuous without breaking in the 

penetration-deflagration process. 

(5) The reactive penetrator is divided into n infinitesimal elements, and each 

reactive element is approximately a cylinder. 

(6) There is always a stagnation shock wave during penetration. 

The penetration-deflagration schematic diagram is shown in Fig. 3. The reactive 

penetrator in the steady penetration-deflagration process can be divided into three 
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parts: an undisturbed zone, a chemical reaction zone and a deflagration zone. Any 

element i in the undisturbed zone moves into the chemical reaction zone at a velocity 

of vi, and then penetrates the steel plate after a certain degree of reaction. u is the 

penetration velocity. Subsequently, the element i radially disperses into the 

deflagration zone. δ is the width of the chemical reaction zone. 

 

Fig. 3. Penetration-deflagration schematic diagram. 

It is assumed that the reactive penetrator is a truncated conical rod and its 

velocity, temperature and diameter show linear distribution along the axial direction. 

When the reactive penetrator impacts the plate, the state of the element i can be 

expressed as: 
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where vi, r0,i, T0,i and l0,i are the velocity, radius, temperature and length of the element 

i when the reactive penetrator impacts the plate, respectively. vh and vw are the head 

and tail velocities of the reactive penetrator, respectively. rh and rw are the head and 

tail radii of the reactive penetrator, respectively. Th and Tw are the head and tail 

temperatures of the reactive penetrator, respectively. L is the length of the reactive 

penetrator and n is the number of elements. The above initial parameters can be 

obtained by numerical simulation, see reference [12] for details. 

When element i moves into the chemical reaction zone from the undisturbed 

zone, its pressure and temperature increase sharply, causing it to be activated to react. 

Subsequently, element i moves and reacts simultaneously until it impacts the plate. 

Based on the one-dimensional shock wave theory [14], the state of element i at the 

time of entering the chemical reaction zone can be expressed as: 
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where V and P are the specific volume and pressure, and the subscripts 0 and 1 denote 

the pre-wave and post-wave states, respectively. Cj and cv are the sound speed and 

specific heat of reactive material, respectively. sj and γ are the material coefficients. In 

this paper, the Al-PTFE-Cu reactive materials with different densities are studied and 

their shock parameters can be obtained by the method described in reference [12], as 

listed in Table 1. 

Table 1 

Shock parameters of Al-PTFE-Cu reactive materials with different densities [12]. 

Materials ρ0/(g·cm−3) Cj/(m·s−1) sj γ Cv/(J·kg−1·K−1) 

Al-PTFE (0% Cu) 2.3 2049 1.17 1.34 1006 

Al-PTFE-Cu (20% Cu) 2.7 2267 1.23 1.46 764 

Al-PTFE-Cu (46.6% Cu) 3.5 2640 1.3 1.6 579 

Al-PTFE-Cu (66% Cu) 4.5 2998 1.36 1.72 492 

The post-wave pressure P1,i of element i is actually caused by the impact of the 

previous element on the plate. Due to the small chemical reaction zone width and the 

continuous penetration process, the difference between the pressure of element i 

impacting the plate and the pressure of previous element impacting the plate is tiny. 

As an approximate replacement, the post-wave pressure P1,i can be expressed as [15]: 

 
2, s, t t ,
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2, s, t t ,

i i i

i i
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 
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+
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where ρ2,i is the density of element i when it moves to the penetration interface and ρt 

is the plate material density. For the 45# steel plate, the value of ρt is approximate 7.8 

g/cm3. Us and Ut are the propagation velocities of the shock wave in the reactive 

penetrator and the plate, respectively, which can be expressed as: 

 
s, j j j,

t , t t t ,

i i
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
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 (5) 

where uj and ut are the particle velocities of the reactive penetrator and the plate, 

respectively. Ct is the sound speed of plate material and st is the plate material 

coefficient. The Ct and st of 45# steel plate are 4570 m/s and 1.49, respectively [16]. 

According to the following continuity conditions of interface pressure and velocity, 

the relationship between P1,i and ρ2,i can be obtained. 
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i i i

i i i i i
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 (6) 

When the shock temperature rise T1 reaches the decomposition temperature of 

the PTFE matrix, the element i is activated to react. The reaction rate equation can be 
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written as [17]: 
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where y is the reaction extent, t is the reaction time, Z is the pre-exponential factor, Ec 

is the activation energy, R is the molar gas constant, and k is the coefficient related to 

the boundary conditions. It should be noted that the main reaction of Al-PTFE-Cu 

reactive materials is the reaction of the Al particles and PTFE matrix. For Al-PTFE 

compositions, the values of Z, Ec, R and k are 7.65×1010 s−1, 132.34 kJ/mol, 8.314 

J·mol−1·K−1 and 1.5, respectively [18,19]. The reaction time is approximately equal to 

the time that element i moves from the stagnation shock wave interface to the 

penetration interface (i.e., ti = δi/vi). Integrating Eq.(7), we get: 
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Based on the propagation relationship between shock wave and rarefaction wave, 

the width of chemical reaction zone δi can be approximately expressed as: 
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where UR is the propagation velocity of radial rarefaction wave, which can be written 

as [20]: 
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As a result of the chemical reaction, the density of element i decreases as it 

moves toward the penetration interface. When the element i moves to the penetration 

interface, its density ρ2,i can be approximately expressed as: 
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where η is the content of Cu. The density ρ2,i can be calculated by combining with 

Eqs.(2–11). It should be noted that Eqs.(2–11) involve a complex system of nonlinear 

equations, which should be solved by the iterative method. 

Based on the Bernoulli equation, the penetration velocity ui of element i can be 

expressed as [21]: 
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where Rt is the plate resistance, which can be expressed as [22]: 
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where Yt and Et are the static yield strength and Young's modulus of plate material, 

respectively. For 45# steel plate, the values of Yt and Et are 355 MPa and 209 GPa, 

respectively [23]. Due to the velocity gradient, the reactive penetrator is gradually 

stretched during penetration. Based on the virtual origin theory, the length l2,i and 

radius r2,i of element i when it moves to the penetration interface can be expressed as: 
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where Hi is the penetration depth of element i, which can be expressed as [24]: 
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Thus the penetration depth Hp of reactive penetrator can be obtained, which is 

expressed as: 
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2.3. Radial cratering 

The radial cratering of the reactive penetrator on the plate is actually a process in 

which pressure overcomes the plate strength and thus causes a radial plastic flow of 

plate material. Based on the coupling damage mechanism of kinetic energy 

penetration and chemical energy release, the radial cratering process can be divided 

into three stages, as shown in Fig. 4. First, the plate subjected to impact experiences 

shear deformation and fracture, forming an initial hole. The initial hole radius denotes 

rf. Then, under the kinetic energy penetration pressure, the plate material overcomes 

the inertial force and flows at a high speed along the radial direction, achieving the 

secondary cratering. The corresponding cratering radius is increased to rs. Finally, the 

third time cratering is produced by the deflagration of reactive materials. The ultimate 

cratering radius reaches rb. 
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Fig. 4. Evolution process of cratering. 

The initial hole radius rf can be expressed as [24]: 

 f , 2,2i ir r=  (17) 

The secondary cratering along the radial direction satisfies the Bernoulli equation 

[24]. 

 
2

g, t g, t

1

2
i iP u R= +  (18) 

where Pg is the radial cratering pressure and ug is the radial cratering velocity. 

According to Szendrei theory [25], radial cratering pressure decreases with increasing 

hole diameter, and the product of cratering pressure and cratering area is a constant. 
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where rg is the cratering radius. Pf is the initial radial cratering pressure, which is 

equal to the axial penetration pressure. 
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The radial cratering velocity ug can be obtained by combining Eqs.(17–20), 

which can be expressed as: 
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It can be found from Eq.(21) that the radial cratering velocity ug decreases with 

an increase of cratering radius rg. The secondary cratering terminates when the ug 

decreases to zero. The secondary cratering radius rs can be expressed as: 
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R

 −
=   (22) 

The third time cratering triggered by the deflagration of reactive materials 

depends mainly on the properties of reactive material and plate material, which can be 

written as [5]: 
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 (23) 

where Pd is the deflagration pressure of reactive materials and σd is the dynamic 

strength of plate material, which can be expressed as [5]: 
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

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 (24) 

where D is the deflagration velocity of reactive materials and μ is the Poisson ratio of 

plate material. For 45# steel plate, the value of μ is taken as 0.3. According to the 

relevant experimental data, the deflagration velocity (m/s) of reactive materials is 

linearly negatively correlated with its density (g/cm3) [5]. Their relationship can be 

approximately expressed as: 

 0553 4545D  − +  (25) 

Combining Eqs.(22–25), the ultimate cratering radius rb can be expressed as: 
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 
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− − +
=   

 − 
  + −  

 (26) 

3. Penetration experiments 

3.1. Shaped charge with a liner made of reactive materials 

The discussed shaped charge consists of explosive, a baffle ring, a reactive liner, 

a case, and a detonator, as shown in Fig. 5. The powerful explosive, 8701, is molded 

at a pressure of 200 MPa and initiated by the detonator. The density, diameter, and 

height of the explosive are 1.71 g/cm3, 50 mm, and 50 mm. The reactive liner is a 

spherical segment with an even wall thickness of 3 mm and a curvature radius of 45 

mm. The 45# steel baffle ring is used to fix the reactive liner by gluing, and its inner 

and outer diameters are 45 mm and 50 mm, respectively. The 45# steel case thickness 

is 2 mm. 

The fabrication method described in Reference [12] is used for the Al-PTFE-Cu 

reactive material liner. The fabrication process mainly includes powder mixing, 

molding, and sintering. First, Al, PTFE, and Cu powders are added to a ball mill at a 

certain mass ratio and mixed for 3 hours. It should be noted that the relative mass of 

Al and PTFE always follows the stoichiometric ratio of the chemical reaction under 

zero oxygen balance (i.e., 26.5 wt%: 73.5 wt%). The average particle diameters of the 

Al, PTFE, and Cu powders are 44 μm, 100 nm, and 24 μm, respectively. Then, the 
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uniform mixture is placed in a self-designed steel mold and pressed at a pressure of 

200 MPa for 30 seconds. Third, the molded liner samples are sintered in a 

nitrogen-filled furnace at a maximum temperature of 380 °C. In this study, four types 

of Al-PTFE-Cu reactive material liners with Cu contents of 0%, 20%, 46.6%, and 

66% are fabricated. The material compositions, densities and typical sample 

photographs are presented in Table 2. 

 

Fig. 5. Structure of shaped charge with reactive liner: (a) Schematic; (b) Typical physical 

photograph. 

Table 2 

Compositions, densities and photographs of fabricated reactive material liners. 

Material types Material composition/(wt%) Density/(g·cm−3) Typical sample 

photograph Al PTFE Cu 

P1 26.5 73.5 0 2.3 

 

P2 21.2 58.8 20 2.7 

 

P3 14.2 39.2 46.6 3.5 

 

P4 9 25 66 4.5 
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3.2. Experimental setup 

The experimental setup is illustrated in Fig. 6. The shaped charge with the 

reactive liner is placed on a hollow standoff cylinder made of wood, and a 45# steel 

plate with a size of Ф 100 × 100 mm is placed below the standoff cylinder. The height 

of the standoff cylinder is three times the charge diameter (CD). After the charge is 

initiated, a RRSCP is formed and moves at a high velocity towards the steel plate. 

Then a penetration-deflagration damage is induced by impact. 

 

Fig. 6. Experimental setup: (a) Schematic; (b) Physical photograph. 

4. Results and discussion 

4.1. Comparison between experimental results and model calculations 

Photographs of the damaged steel plates are shown in Fig. 7. It can be observed 

from Fig. 7(a) that the entrance holes basically present regular circular shapes. There 

are some smoke black marks distributed on the surface of the steel plate and the inner 

wall of the penetration hole, indicating that the RRSCP experiences a violent 

deflagration reaction during penetration. It can be found that from Fig. 7(b) that the 

penetration hole produced by the RRSCP with the lower density shows a regular 

funnel shape, and its inner wall is relatively smooth. The inner wall of penetration 

hole produced the RRSCP with the higher density is uneven. In addition, there are 

obvious purplish red Cu particles that not participated in the reaction. 

 

Fig. 7. The damaged steel plates: (a) Entrance hole morphology; (b) Sectional views of 
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penetration holes. 

Based on the simulation method in reference [12], the formation morphology of 

RRSCP at the time of impact is obtained, as shown in Fig. 8. The corresponding 

characteristic parameters (i.e., initial conditions for model calculation) of leading 

reactive penetrators are listed in Table 3. It should be noted that the tail temperature of 

the four types of reactive penetrators in Table 3 is the same, and all of them are 800 K. 

This is because the temperature of 800 K is the activation temperature threshold of the 

reactive materials [12], which is used to distinguish between the leading reactive 

penetrator and the following chemical energy cluster of RRSCP. 

 
Fig. 8. The morphology of RRSCP at the time of impact: (a) ρ0 = 2.3 g·cm−3; (b) ρ0 = 2.7 g·cm−3; 

(c) ρ0 = 3.5 g·cm−3; (d) ρ0 = 4.5 g·cm−3. 

Table 3 

Characteristic parameters of leading reactive penetrators. 

ρ0/(g·cm−3) Vh/(m∙s-1) Vw/(m∙s-1) vh−vw/(m∙s-1) Rh/mm Vw/mm Th/K Tw/K L/mm 

2.3 4550 3218 1332 4.2 6.2 415 800 47 

2.7 4358 2955 1403 4 6.1 402 800 50 

3.5 4002 2542 1460 3.7 6 343 800 53 

4.5 3582 2243 1339 3.2 5.8 340 800 59 

The experimental results and model calculations are listed in Table 4. The 

experimental data shows that the penetration depth is less than 1 CD and the entrance 

hole diameter is more than 0.5 CD, demonstrating that the RRSCP has a weak 

penetration capability but a strong cratering capability. Furthermore, the 

penetration-deflagration performance of RRSCP significantly depends on the reactive 

liner density. When the reactive liner density increases from 2.3 g/cm3 to 4.5 g/cm3, 

the penetration depth increases from 0.4 CD to 0.88 CD (an increase of more than 

100%), while the entrance hole diameter decreases from 0.84 CD to 0.5 CD (a 

decrease of 40%). This indicates that the increasing reactive liner density significantly 

enhances the penetration capability of RRSCP, but significantly weakens its cratering 

capability. The calculated results show that as the reactive liner density increases from 

2.3 g/cm3 to 4.5 g/cm3, the penetration depth increases from 0.35 CD to 1.14 CD and 

the entrance hole diameter decreases from 0.77 CD to 0.62 CD. Obviously, the 

model-predicted change trend of penetration depth and entrance hole diameter with 

reactive liner density is consistent with the experimental results, see Fig. 9. The 
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maximum errors of the model-predicted penetration depth and entrance hole diameter 

are 29.5% and 24%, respectively, which are less than 30%. This indicates that the 

model calculations are in good agreement with the experimental data. Therefore, the 

model can be used to quantitatively describe the penetration and cratering capabilities 

of RRSCP. 

In comparison, the calculated results are lower than the experimental data when 

the reactive liner density is less than 2.7 g/cm3, and the calculated error decreases 

firstly and then increases with the increasing reactive liner density, and the calculated 

results are higher than the experimental data when the reactive liner density is more 

than 3.5 g/cm3. The reason would be that the reaction behavior of following chemical 

energy cluster and the reactive material density inhomogeneity effect caused by the 

chemical reaction are ignored in the model. On the one hand, more reactive materials 

at the rod tails of the formed RRSCP is activated to react when the reactive liner 

density is low, see Fig. 8. Then a larger expansion force will be produced within the 

leading reactive penetrator, which causes a weakened radial shrinkage effect during its 

free elongation, resulting in an increase of its diameter at the time of impact. As a 

result, the cratering capability will be enhanced. However, the activated reactive 

materials at the rod tail react incompletely at the standoff of 3 CD. In other words, this 

part of the reacting reactive materials still has a certain penetration capability, which 

is not considered in the model. Therefore, the calculated penetration depth and 

cratering diameter are lower than the experimental data when the reactive liner 

density is less than 2.7 g/cm3. On the other hand, the activated reactive materials at 

the rod tails gradually decreases as the reactive liner density increases, resulting in a 

decrease of its influence on the penetration-deflagration performance. In addition, 

under zero oxygen balance, the main reaction produced by Al-PTFE-Cu reactive 

element impact is the reaction of Al particle and PTFE matrix, while Cu almost does 

not participate in the reaction, see Fig. 7(b). As a result, the Al-PTFE-Cu reactive 

elements present density inhomogeneity or even non-condensation in the 

penetration-deflagration process, resulting in a decreased penetration pressure, which 

is unfavorable to penetration and cratering. As the reactive liner density increases, the 

Cu content increases continuously, which intensifies the influence of the 

penetration-induced chemical reaction on the compactness of reactive element, 

resulting in the further weakened penetration and cratering capabilities. Therefore, the 

calculated error decreases firstly and then increases with the increasing reactive liner 

density, and the calculated results are higher than the experimental data when the 

reactive liner density is more than 3.5 g/cm3. 

Table 4 

Comparison between experimental results and model calculations. 

No. 
Liner 

density/(g·cm−3) 

Penetration depth (CD) Entrance hole diameter (CD) 

Experimental Calculated Error Experimental Calculated Error 

1 2.3 0.40 0.35 -12.5% 0.84 0.77 -8.3% 
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2 2.7 0.44 0.43 -2.3% 0.80 0.74 -7.5% 

3 3.5 0.66 0.74 12.1% 0.68 0.72 5.9% 

4 4.5 0.88 1.14 29.5% 0.50 0.62 24% 

 
Fig. 9. Changing trends of penetration depth and cratering diameter with reactive liner density. 

4.2. Influence of penetration-induced chemical response 

As described in Section 2.1, the damage behavior of RRSCP on the steel plates is 

a complex penetration-deflagration coupling damage process. In order to reveal the 

influence mechanism of the penetration-induced chemical response on the 

penetration-deflagration performance, the penetration and cratering capabilities of the 

reactive penetrator in the inert penetration mode and the penetration-deflagration 

coupling mode are compared to analyze. The calculated model in the reference [25,26] 

is used as the inert penetration model. The No. 1 experimental condition in Table 3 is 

selected as the typical calculation condition. 

The calculated results are shown in Fig. 10. In the inert penetration mode 

(without considering the chemical response), the penetration depth is 0.61 CD and the 

entrance hole diameter is 0.65 CD. Compared to the inert penetration mode, the 

penetration depth in the penetration-deflagration coupling mode is lower, which is 

0.35 CD, but the entrance hole diameter is larger, which is 0.77 CD. This indicates 

that the penetration-induced chemical response is unfavorable to penetration but has 

an enhanced cratering effect. 

 

Fig. 10. Calculated penetration hole morphology using inert penetration mode and 

penetration-deflagration coupling mode. 
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The weakening effect of the penetration-induced chemical response on the 

penetration capacity can be analyzed as follows. According to the penetration theory 

[26], for a penetrator with a given initial velocity, the penetration capability mainly 

depends on its density and length. The higher the density, the higher the penetration 

velocity, and the larger the penetration depth. The longer the length, the longer the 

penetration time, and the larger the penetration depth. However, the penetration 

process of reactive penetrator is accompanied by a chemical response, which causes 

changes of the density and length of each reactive element at the time of impact, thus 

resulting in a change of penetration capability. On the one hand, there is a chemical 

reaction zone near the impact interface, which causes the reactive element to 

experience a certain degree of chemical reaction before impacting the plate, resulting 

in a decrease of its density and penetration velocity, see Figs. 11(a) and 11(b). As a 

result, its penetration capability is weakened. On the other hand, due to the decreased 

penetration velocity, the elongation effect of reactive elements during penetration is 

weakened (see Fig. 11(c)), resulting in a decrease of penetration time. This further 

weakens its penetration capability. Therefore, the penetration-induced chemical 

response is unfavorable to penetration. 

The enhancement effect of the penetration-induced chemical response on 

cratering capability can be analyzed as follows. According to the cratering theory 

[25,26], the cratering capability of penetrator mainly depends on its diameter and 

radial cratering pressure, and both are positively correlated. As mentioned above, the 

penetration-induced chemical response causes a decreased reactive element density 

and penetration velocity, as well as a weakened elongation effect, thus resulting in a 

weakened penetration capability. On the contrary, the weakened elongation effect 

means that the diameter of reactive element at the time of impact increases (see Fig. 

11(d)), which causes more significant deformation and stacking effects at the bottom 

of the hole, resulting in an enhanced cratering capability. Furthermore, the cratering 

pressure is increased due to the deflagration reaction, which further enhances its 

cratering capability. Therefore, the penetration-induced chemical response is 

favorable to cratering. 
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Fig. 11. Performance parameters of reactive elements at the time of impact in inert penetration 

mode and penetration-deflagration coupling mode: (a) Density; (b) Penetration velocity; (c) 

Length; (d) Diameter. 

4.3. Influence of reactive liner density 

Both experimental and calculated results show that with the increase of reactive 

liner density, the penetration capability is significantly enhanced, but the cratering 

capability is significantly weakened, see Table 4 and Fig. 9. In this section, based on 

the developed penetration-deflagration model, the influence of reactive liner density 

on the penetration-deflagration performance is analyzed from the three aspects of the 

formation characteristics, the penetration effect and the penetration-induced chemical 

response behavior. 

From the formation characteristics, as the reactive liner density increases, the 

formation velocity of reactive penetrator decreases, but its velocity gradient does not 

change much, see Table 3. This results in a more sufficiently free elongation of the 

reactive penetrator before impacting plate, which is favorable to penetration. On the 

contrary, the more sufficiently free elongation means a more significant diameter 

shrinkage effect, resulting in a decreased diameter of reactive penetrator at the time of 

impact, which is unfavorable to cratering. 

From the penetration effect, as the reactive liner density increases, the kinetic 
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energy of reactive penetrator shows an increasing trend. This results in an increasing 

penetration velocity of each reactive element (see Fig. 12), which is favorable to 

penetration. However, the enhanced penetration capability means a more sufficient 

elongation of reactive penetrator during penetration, resulting in a decreased diameter 

of reactive element at the time of impact, which is unfavorable to cratering. 

 

Fig. 12. Penetration velocity of each reactive element under different reactive liner densities. 

From the penetration-induced chemical response behavior, the increase of 

Al-PTFE-Cu reactive material density usually means the decrease of energetic 

composition Al-PTFE and the increase of high-density inert metal composition Cu. In 

other words, the energetic composition participating in the chemical reaction 

decreases as the reactive liner density increases, which causes that the weakened 

effect of the penetration-induced chemical response on the penetration capability is 

weakened, as shown in Fig. 13. Therefore, in terms of the influence degree of the 

penetration-induced chemical response, increasing the reactive liner density is 

favorable to penetration. On the contrary, the decreased energetic composition will 

cause a weakened cratering effect by the deflagration, resulting in a weakened 

cratering capability. 

 

Fig. 13. Changing trend of penetration depth with reactive liner density in inert penetration mode 

and penetration-deflagration coupling mode. 

Above all, increasing the reactive liner density not only significantly increases 

the kinetic energy and length of the reactive penetrator, but also effectively decreases 

the weakened effect of the penetration-induced chemical response on the penetration 

capability, resulting in the significantly enhanced penetration capability. However, the 
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cratering capability weakens significantly due to the decrease of reactive penetrator 

diameter at the time of impact and its own potential energy content. 

5. Conclusions 

Penetration-deflagration coupling damage performance of RRSCP impacting 

thick steel plates is investigated by experiments and theoretical model. The main 

findings are summarized as follows. 

(1) The theoretical model for penetration-deflagration coupling damage 

performance is developed. The model-predicted penetration depth and cratering 

diameter are in good agreement with the experimental results, which can be used to 

quantitatively analyze the penetration-deflagration performance of RRSCP. 

(2) The chemical response of reactive element near the impact interface is 

triggered by penetration, resulting in a decrease of its density at the time of impact, a 

decrease of its penetration velocity and a weakening of its elongation effect during 

penetration, which is unfavorable to penetration. However, the diameter of reactive 

penetrator impacting the plate is increased due to the weakened elongation effect, 

which coupled with the chemical energy release of deflagration, resulting in an 

enhanced cratering effect. 

(3) Increasing the reactive liner density significantly increases both the kinetic 

energy and length of reactive penetrator and effectively reduces the weakened effect 

of the penetration-induced chemical response, which significantly enhances the 

penetration capability. However, due to the decrease of reactive penetrator diameter at 

the time of impact and its own potential energy content, the cratering capability is 

weakened significantly. 
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Highlights  

 A theoretical model for the penetration-deflagration coupling damage performance 

of RRSCP is developed. 

 The influence mechanism of penetration-induced chemical response on penetration 

and cratering capabilities is revealed.  

 The influences of reactive liner density on the penetration-deflagration performance 

of RRSCP are discussed. 
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