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To ensure the reliable functioning of hard target-penetration fuze on the battlefield, this study focuses on research related to fuze protective pads. The main factors causing fuze functional failure are summarized, and a simplified model of projectile penetration into target plates is established. The design conditions for the yield stress parameter of the fuze casing material are derived based on stress wave propagation theory. Modal analysis of the projectile is conducted using dynamic simulation software ANSYS to determine its vibration modes and low-pass filtering frequency. Static compression experiments are performed on different rubber materials (nitrile rubber, fluorine rubber, silicone rubber, and natural rubber) to obtain stress–strain curves and constitutive model parameters. Marshall hammer tests were carried out on rubber pads of different materials and thicknesses, confirming the validity of the simulation results and the feasibility of rubber filtering. The study indicates that when using a 2 mm thick rubber pad for protection, natural rubber provides the best protection. When using a 6 mm thick rubber pad, nitrile rubber shows the best protective performance. Under a 13-tooth tooling impact load, the best protection is achieved using a 2 mm thick natural rubber pad. When using a 6 mm thick pad, silicone rubber provides the best protection. Under a 15-tooth tooling impact load, fluorine rubber provides the best protection when using a 2 mm thick pad, while silicone rubber offers the best protection when using a 6 mm thick pad. Under a 17-tooth tooling impact load, natural rubber offers the best protection when using a 2 mm thick pad, and fluorine rubber demonstrates the best protection when using a 6 mm thick pad. The obtained research results provide a reference for protective methods of hard target-penetration fuze.
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1 INTRODUCTION
With the advancement of modern warfare, the survival capability of military bases in various countries has been continuously enhanced. This is achieved primarily by increasing the strength of buildings or applying coverings to military targets. Conventional ammunition is ineffective against robust and complex defensive structures. To achieve optimal destructive effectiveness, hard target-penetrating ammunition with features such as programmable layers, cavity recognition, and medium identification has become a focal point of research in various countries (Dang and Li, 2014; Zhang, 2018; Liu et al., 2023). The process of penetrating hard targets involves highly non-linear behavior under strong impact loads. During the high-speed penetration process, the overload signal experienced by the fuze is more complex than that experienced by the projectile. In this process, the overload peak of the fuze surpasses that of the projectile, and the overload pulse width of the fuze is shorter. Under high-intensity, low-duration pulses, the fuze casing is prone to deformation, leading to issues like circuit board fractures and chip pin detachment, rendering the fuze incapable of accurate detection and detonation. Protective measures are necessary to prevent fuze incapacitation.
To address the failure of internal electronic components of fuze under high-impact overloads, scholars have both domestically and internationally conducted various theoretical and experimental studies on protective techniques for hard target-penetration fuze (Manjesh and Manas, 2022). Replaced traditional isolation systems with magnetorheological impact isolation systems, finding that this approach effectively reduces the overload (Taherishargh et al., 2014). Developed a novel expanded perlite–aluminum composite foam and observed that this material exhibited high energy absorption efficiency (Xu and Huang, 2012). Addressed the inadequacies of the buffering mechanism of current projectile plastic materials, proposing a stress wave attenuation mechanism. They confirmed that the filtering mechanism of the pads is more rational than buffering through theoretical calculations and simulations. Furthermore, simulation results indicated that materials with a lower impedance have better filtering effects (Chen and Niu, 2021). Identified issues in the theory of multi-layer pad protection within fuze protective structures. They established a model of projectile penetration through a multi-layer pad structure, and simulation tests showed that widely used multi-layer pad protection structures are effective in penetrating concrete but are prone to functional failure when penetrating metals (Li et al., 2016). Designed three different buffering structures, experimentally determining that the buffering performance of a double-layer structure with impedance order combination is superior to that of an impedance reverse order combination. The fluctuating impedance combination is superior to the order combination for a three-layer buffering structure. References indicate that foam metal material, as a buffering pad, is suitable for energy absorption due to its significant deformation (Stamenković and Krstić, 2017; Ashu et al., 2020; Su et al., 2020; Fan et al., 2022; Wang et al., 2023). However, metal materials are only suitable for single-impact events, and their buffering effects may not meet the protection requirements during multiple impacts, possibly leading to fuze misfires (Ashu et al., 2020; Luo et al., 2021; Adam et al., 2022; Jiang et al., 2022; Wei et al., 2022). Rubber is the most common protective method, involving attenuation of stress transmission waves onto the fuze (Rose et al., 2023). Currently, the selection of rubber types and thicknesses for engineering protection lacks theoretical and data support and is based solely on engineering experience.
This study aims to address the gap in rubber protection research. It analyzes the theory of elastic wave reflection and transmission at different medium interfaces. By combining the analysis of elastic waves in the projectile–rubber–fuze structure with varying cross-sectional areas, different rubber layers are added on both sides of the fuze casing for protection. Based on dynamic simulations of projectiles penetrating reinforced concrete target plates, the impact of different rubber pads, thicknesses, and target conditions on fuze overload is investigated. Modal analysis of the projectile is conducted to determine its first-order axial vibration frequency, which is then used to filter the fuze overload curve. Combining numerical simulation results with experimental designs, impact loads are applied to accelerometers using a Marshall hammer to experimentally verify the protective performance of different rubbers, thicknesses, and impact loads.
2 HARD TARGET PENETRATION THEORY AND FUZE FAILURE ANALYSIS
2.1 Fuze failure caused by stress wave effects
During the impact of high-speed hard target-penetrating projectiles on a target, the fuze experiences stress transmitted from the projectile, propagating through the fuze in the form of stress waves. When these stress waves reach the fuze circuit board, the oscillations can lead to detachment of solder joints, breakage of connecting lines, battery discharge, and ultimately the loss of fuze functionality, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Analysis of fuze failure during penetration. (A) Deformation of the recovery system casing. (B) Detachment of the chip.
2.2 Reflection and transmission theory of elastic waves at varying cross-section interfaces
During high-speed impact, the projectile and the fuze will be subjected to strong dynamic loads, and the stress generated will be transmitted to different parts in different forms of waves. When the stress does not exceed the yield stress of the material, the stress waves generated are mainly elastic waves, and when the stress does not exceed the yield stress of the material, the stress waves generated are mainly plastic waves. This article mainly discusses the case where the applied overload stress does not exceed the yield limit of the material, that is, the transmission of elastic waves at different media interfaces. The propagation of elastic stress waves at interfaces with varying cross-sections follows Newton’s third law, which states that the stress on both sides of the interface is equal. Therefore, it can be determined as follows:
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In the equation, ΔvI is the velocity of the particle incident wave, ΔvR is the velocity of the particle reflected wave, ΔvT is the velocity of the particle transmitted wave, ΔσI is the incident wave, ΔσR is the reflected wave, ΔσT is the transmitted wave, A1 is the area of the first cross-section, A2 is the area of the second cross-section, and the parameters in the formula are all vectors. Using the principle of conservation of momentum for wave fronts, it can be obtained as follows:
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In the equation ρ Is the target density, Eq. 2 can be simplified as follows:
[image: image]
By solving Eqs 1, 4 simultaneously, the following expression can be obtained:
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where ρ0C0A is referred to as the generalized wave impedance, n is the wave impedance ratio of two different media, R is the reflection coefficient, and T is the transmission coefficient. Both coefficients are completely determined by the wave impedance ratio n.
For simplicity, let us consider the case of equal wave impedance ρ0C0 on both sides of the interface, making the wave impedance ratio n = A1/A2. From Eq. 5, it can be observed that the transmitted wave always has the same sign as the incident wave. The sign of the reflected wave depends on the positive or negative value of F, which is related to the relative sizes of A1 and A2. When stress waves pass from the smaller contact area to the larger one (A1 < A2, meaning n < 1), T·A1/A2 = 2n/1 + n < 1, resulting in the same sign for the reflected and incident waves, and the transmitted wave is smaller than the incident wave. Conversely, when stress waves pass from the larger contact area to the smaller one (A1 > A2, meaning n > 1), T·A1/A2 = 2n/1 + n > 1, resulting in opposite signs for the reflected and incident waves, and the transmitted wave is larger than the incident wave. Therefore, when wave impedances are the same, passing the shock wave from the smaller end to the larger cross-section end can still achieve damping and buffering effects.
2.3 Analysis of stress wave impact in fuze models
The fuze system consists of the projectile, main propellant charge, fuze, base plug, and other structures. The fuze structure primarily includes potting material, circuit board, and mechanical safety components. The signal measured from the circuit board of the fuze represents the overload applied to the fuze within this fuze system during penetration. The strong dynamic load experienced by the projectile upon impact is transmitted through various structures such as projectile–main propellant charge–padding–fuze–padding–base plug. The signal transmission process is highly complex, and the overload signal is subject to various influences during transmission. The analysis of projectile impact on a target plate is analogous to the problem of a finite rod impacting a rigid wall (Zhu et al., 2022). The moment of the projectile impacting the target plate can be simplified as shown in Figure 2. This study neglects the plastic compression wave caused by deformation of the target plate and the projectile head, focusing solely on the transmission of elastic waves onto the fuze after the projectile impacts the target plate. In the elastic region, the stress experienced by an object is the yield stress as follows:
[image: image]
where VY is the yield velocity of the particle, ρ0 is the density of the particle, and C0 is the speed of propagation of the stress wave within the object.
[image: Figure 2]FIGURE 2 | Simplified illustration of impact on the target plate.
Based on the theory of reflection and transmission of elastic waves at interfaces with varying cross-sections, when elastic stress waves reflect and transmit at the interface between the front cushion pad and the projectile, interface 1 can be determined as follows:
[image: image]
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where T1 and R1 are the transmission and reflection coefficients at this interface, respectively, and so on for subsequent interfaces.
When stress waves penetrate interface 1, the incident wave at interface 2 is the transmitted wave at interface 1, namely, (σI)2 = (σT)1. In this case, the size of the reflected wave generated at interface 2 in relation to the incident wave is calculated as follows:
[image: image]
Similarly, the size of the reflected wave generated at interface 3 in relation to the incident wave is expressed as follows:
[image: image]
The size of the reflected wave generated at interface 4 in relation to the incident wave is computed as follows:
[image: image]
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The size of the transmitted wave generated at interface 3 by the reflection of the stress wave at interface 4 is obtained as follows:
[image: image]
To avoid plastic failure of the fuze casing, the stress on the fuze casing must be smaller than the yield stress σY, which gives rise to the following conditions:
① For:
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② For:
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③ For:
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Combining conditions ①, ②, and ③ enables us to determine the parameters for setting the fuze casing protection material.
3 DETERMINATION OF MATERIAL PARAMETERS FOR RUBBER PADS OF PENETRATION FUZE
3.1 Fuze failure caused by stress wave effects
To simulate realistic projectile penetration overload conditions, Solidworks, a three-dimensional modeling software was used to create solid element models of various components of the projectile. The model is illustrated in Figure 4. The projectile has a length of 720 mm, a diameter of 110 mm, and a length-to-diameter ratio of 6.5. The simulation model includes a simulated propellant, the entire fuze body, and the front and rear cushion pads within the projectile. The base plug at the tail of the projectile is connected in a fixed manner. ANSYS/Workbench software was used to perform modal analysis on the projectile. Since modal analysis is only concerned with the inherent frequencies and modes of the entire projectile, and not the failure between contact materials, the contact between the materials within the projectile was set as bonded. The elastic model of rubber materials takes silicone rubber as an example. The material parameters used in the simulation model for the various components of the projectile are presented in Table 1. The projectile body and reinforced concrete target plate are both axisymmetric models, and the missile guidance system penetrates perpendicular to the direction of the reinforced concrete target plate. In order to reduce calculation time and cost, this article uses a 1/4 three-dimensional geometric model to model the missile guidance model and the reinforced concrete target plate, and divides the mesh in Hypermesh software. Except for the warhead grid, the standard size of the other grids is about 5 mm, and the minimum size of the missile structure grid is a regular hexahedron of 2 mm. The grid division results of the missile guidance structure are shown in Figure 3.
TABLE 1 | Parameters of various components in the projectile.
[image: Table 1][image: Figure 3]FIGURE 3 | Mesh division of missile guided structure.
Due to the irregular three-dimensional structure of the warhead head, a special mesh division was performed on the warhead, and the division results are shown in Figure 4 below.
[image: Figure 4]FIGURE 4 | (A)Mesh division details of projectile head.(B)Division of single-layer target plate mesh and steel mesh.
3.2 Modal analysis results
Modal analysis using the ANSYS/Workbench software provided the inherent frequencies and corresponding modes of the projectile. As the projectile is not constrained and is in a free vibrational state, the first six modes are rigid body oscillations with zero inherent frequency. Starting from the seventh mode, the modes include compression, tension, torsion, and bending. Table 2 contains the inherent frequencies and modes of the projectile for modes 7 to 12, while Figure 5 displays the mode shapes for these modes.
TABLE 2 | Modal analysis and mode shapes of the projectile model.
[image: Table 2][image: Figure 5]FIGURE 5 | Mode shapes of the projectile at various modes.
During the penetration process, a significant portion of the overload signal experienced by the projectile is due to axial overloads. As the modes involving bending and torsion do not significantly affect the axial overload measurement during projectile penetration, the lowest mode of compression–tension should be used as the cutoff frequency for signal filtering. Based on Figure 5; Table 2, it can be inferred that a frequency around 3482.8 kHz should be used to filter the collected overload signal, eliminating the influence of high-frequency oscillations on the collected overload signal.
3.3 Stress–strain curve testing of rubber materials
The universal material testing machine AGX-V series by Shimadzu, Japan, was used to conduct compression tests on four types of rubber materials (nitrile rubber, fluorine rubber, silicone rubber, and natural rubber). Use 1 sample for each type of rubber, compression testing standards follow ISO 13314:2011, metallic materials-Ductility testing-Compression test for porous and cellular metals.To obtain reliable stress–strain curves, the rubber materials were uniformly cut into 10 mm × 10 mm × 10 mm cubes and placed on the testing platform, as shown in Figure 6. The loading speed applied to the materials was 2 mm/min, and a strain value of 0.9 was set.
[image: Figure 6]FIGURE 6 | Compression test on four types of rubber materials.
3.4 Curve fitting and parameter setting
The static structural analysis feature of the Workbench software was utilized, and the engineering data option was selected. Use the engineering date option and import the stress-strain test data of four materials into the hyperelastic test data, after selecting the Mooney-Rivlin 5 Parameter constitutive model in hyperelastic materials and fitting the curve, parameters such as C10, C01, C11, C02, C20 of each rubber can be obtained. These parameters were input into the *MAT_H-HYPERELASTIC_RUBBER constitutive model in the k file. The specific parameters are provided in Tables 3. In the table, RO is the density, PR is the Poisson’s ratio, and C is the constant of rubber material.
TABLE 3 | Four rubber material parameters (kg/mm/ms).
[image: Table 3]4 SIMULATION ANALYSIS OF IMPACT ON RUBBER PAD PARAMETERS ON BUFFERING PROTECTION PERFORMANCE
4.1 Analysis of 2 mm pad protection performance
The projectile’s penetration process can be divided into three phases: the pit formation phase, the tunneling phase, and the target back-collapse phase (exit phase). During the pit formation phase, the initiator’s overload increases from zero to the appearance of the first peak. In the tunneling phase, the initiator’s overload remains within a certain range and undergoes continuous oscillations. In the target back-collapse phase, the initiator’s overload continuously decreases until it reaches zero. To investigate the overload experienced by the initiator’s internal circuit board during the projectile’s penetration process under different protective pads, this study examined the overload experienced by the initiator under the protection of 2 mm thick nitrile rubber, fluororubber, silicone rubber, and natural rubber. LS-Prepost software was employed to extract data, resulting in overload curves of the initiator’s internal circuit board as the projectile penetrated the C60 target plate at an initial velocity of 900 m/s. Additionally, Fourier transformation was applied to the obtained curves to derive their frequency domain curves, as illustrated in Figure 7.
[image: Figure 7]FIGURE 7 | Time-domain overload curve of the circuit board.
From the figures, it can be observed that the initiator protected with natural rubber experiences the lowest overload during the impact moment, with a minimum of 47,600 g. Following this, nitrile rubber exhibited an overload of 62,100 g, fluororubber with 68,000 g, and the least effective was silicone rubber, with an overload of 68,400 g on the initiator’s circuit board. After the pit formation phase, the penetration enters the tunneling phase where the overload stabilizes at a certain value. Due to reasons such as grid failure on the target plate, interference with the overload signal occurs, leading to persistent oscillations in the initiator’s overload. These oscillations might exceed the peak overload value experienced during the penetration moment. Initiators protected with natural rubber and nitrile rubber exhibited smaller oscillations, while those protected with fluororubber experienced larger oscillations. Initiators protected with silicone rubber experienced the most significant oscillations. During the target back-collapse phase from 1.08 m to 1.48 m, the overload on the initiator gradually reduced, and thereafter the overload oscillated around zero. After the projectile exits the target, due to residual elastic potential energy within the rubber material, silicone rubber possesses higher internal elastic potential energy compared to other rubbers. As depicted in the graph, after the projectile exits the target, there was significant oscillation in overload on the initiator’s circuit board. The oscillation lasted for about 1.5 m, imposing substantial damage to the initiator.
By subjecting the overload signal from Figure 7 to Fourier transformation, the frequency-domain curve of initiator overload was derived, as shown in Figure 8. During the penetration process, the natural frequency of the projectile significantly influenced the initiator’s overload. From the graph, it is evident that around the projectile’s natural frequency of approximately 3.4 kHz, natural rubber exhibits the best filtering effect. Nitrile rubber follows, with fluororubber being less effective, and silicone rubber showing the least favorable effect. In the higher-frequency range, disparities exist among different rubbers. At 14.5 kHz, nitrile rubber performs best, while at 6.95 kHz and 10.3 kHz, fluororubber demonstrates optimal filtering effects.
[image: Figure 8]FIGURE 8 | Frequency-domain overload curve of the fuze’s internal circuit board.
Figure 9 depicts the processed overload signal from the collected circuit board, which has undergone a third-order wavelet transformation using the db6 base. The analysis of this signal yields results consistent with the unprocessed overload signal. Natural rubber demonstrates the best filtering performance, with an overload peak value of 32,800 g. Subsequently, the overload remains within a specific range, with gradually diminishing oscillation amplitudes. In contrast, silicone rubber exhibits a maximum intrusion overload of 47,200 g, marked by substantial oscillations during the penetration phase, followed by a significant post-penetration oscillation amplitude of 23,000 g that gradually decreases. The velocity–time curve of the projectile is extracted using post-processing software, as shown in Figure 10. It is evident from the graph that the projectile attains a residual velocity of approximately 585 m/s after penetrating the C60-reinforced concrete target at an initial velocity of 900 m/s.
[image: Figure 9]FIGURE 9 | Time-domain overload curve after wavelet-based filtering.
[image: Figure 10]FIGURE 10 | Projectile velocity–time curve during penetration.
In summary, under this operating condition, the use of natural rubber with a 2 mm cushioning layer yields the most effective protection, exhibiting negligible oscillations during and after penetration. This is because natural rubber has high mechanical strength, good resistance to bending fatigue, small hysteresis loss, and self reinforcing effect.
4.2 Analysis of 6 mm cushioning pad protection performance
Figure 11 illustrates the overload signal on the internal circuit board of the fuze. It can be observed from the figure that at the instant of impact on the target, the protective effects of the four rubber materials on the fuze are generally similar. The peak overload value during the penetration moment was approximately 52,900 g. After the initial penetration stage, the projectile transitions into the penetration channel phase. During this phase, the overload stabilizes at a certain value. However, due to factors such as target mesh failure, the overload signal experiences interference, leading to sustained oscillations of the fuze overload, with amplitudes potentially surpassing the peak overload value during penetration. Within the penetration channel phase, for the fuze protected with silicone rubber, an oscillation with a maximum peak value is evident. The time period between 1.08 m and 1.48 m corresponds to the stage where the projectile penetrates the target plate and the target collapses. During this period, the overload on the fuze gradually diminishes, eventually resulting in oscillations around zero. After the projectile exited the target, the overload signal of the fuze protected with natural rubber exhibited significant oscillations of around 0.5 m with substantial amplitude.
[image: Figure 11]FIGURE 11 | Time-domain curve of the circuit board overload.
By subjecting the overload signal depicted in Figure 11 to Fourier transformation, the frequency-domain curve of the fuze overload was obtained, as shown in Figure 12. During the penetration process, the inherent frequency of the projectile has a significant influence on the fuze overload. It can be discerned from the figure that around the projectile’s inherent frequency of approximately 3.4 kHz, nitrile rubber demonstrated the most effective filtering, followed by silicone rubber, then fluorine rubber, and finally, natural rubber with the least effective filtering at this frequency. In the high-frequency range, differences are apparent among the various rubber materials, particularly with silicone rubber showing the best filtering effects at frequencies around 10.3 kHz and 14.5 kHz.
[image: Figure 12]FIGURE 12 | Frequency-domain curve of the internal circuit board overload for the fuze.
Figure 13 shows the circuit board overload signal on the collected data processed with third-order Daubechies wavelet transform (db6). The results of the signal analysis are consistent with the unfiltered overload signal. Among them, the maximum overload of the fuze protected by fluororubber was about 30,000 g, and there was no significant oscillation phenomena after impact. However, when the fuze was protected by natural rubber, although the overload during impact was slightly lower than the fuze, there was an oscillation phenomenon after impact. The velocity–time curve of the projectile was extracted using post-processing software, as shown in Figure 14. It can be observed from the figure that after the projectile impacted the C60-reinforced concrete target board at an initial speed of 900 m/s and protected by four different cushioning materials, there were significant differences in the projectile’s exit velocity, with a maximum difference of 16 m/s and an average residual velocity of 573 m/s.
[image: Figure 13]FIGURE 13 | Time-domain curves of the filtered circuit board overload signals.
[image: Figure 14]FIGURE 14 | Projectile velocity–time curves during penetration.
In summary, under this working condition, the use of 6 mm rubber pads with nitrile rubber protection demonstrates the most effective performance. The original signal shows no significant oscillations during the penetration process and after perforation. This is because nitrile rubber is an amorphous rubber with slightly lower elasticity. Generally, the energy absorption of specialized energy absorption structures refers to the plastic properties dissipated under compressive loads. The impact loads of the four types of rubber are consistent and all undergo plastic deformation. Nitrile rubber has higher strength, so it absorbs more kinetic energy during penetration.
5 ANALYSIS OF DIFFERENT PROTECTIVE PAD CUSHIONING PERFORMANCE
5.1 Experimental design
This study employs the Marshall hammer impact test method to verify the cushioning protective performance of different buffer materials under varying impact overloads. The Marshall hammer device, as depicted in Figure 15, consists of a handle, hammer head, steel pellets, counterweights, and other components. Given the different mass of counterweights in the Marshall hammer test device for the same tooth count, variations in the applied impact to the experimental specimen arise. The calibration of impact overload for the required Marshall hammer tooth count used in the experiment is conducted. The sensitivity of the sensor used in the experiment is 0.8 μV/g, and its amplification factor is 70 times. The calibration results are presented in Table 4.
[image: Figure 15]FIGURE 15 | Internal configuration and external serrated shaft of the Marshall hammer.
TABLE 4 | Marshall hammer experiment platform tooth count acceleration calibration.
[image: Table 4]In this study, piezoresistive acceleration sensors were employed to collect overload signals. The underlying principle involves changes in electrical resistance during the instant of impact, leading to voltage alterations. These voltage changes are then utilized to calculate the variation in voltage, which, in turn, indicates the overload signal experienced by the sensor. The collection apparatus consists of acceleration sensors, threaded caps, counterweights, test materials, and threaded bases. The physical depiction of the various components of the collection apparatus is shown in Figure 16.
[image: Figure 16]FIGURE 16 | Physical depictions of various components.
The overall structure of the experimental setup is illustrated in Figure 17.
[image: Figure 17]FIGURE 17 | Schematic representation of the experimental setup.
Different types of rubber pads are illustrated in Figure 18.
[image: Figure 18]FIGURE 18 | Different types of rubber pads.
5.2 Analysis of different rubber protective performance under a 13-tooth impact
Figure 19 presents the voltage variation curve of an acceleration sensor under a 13-tooth impact load for different 2 mm thick rubber pad protections. The red solid line represents nitrile rubber, the blue dashed line signifies fluorine rubber, the green dotted line stands for silicone rubber, and the purple dotted line represents natural rubber. Under the influence of a 13-tooth impact load, with a 2 mm thick pad, it is observed that natural rubber offers the best protective performance, exhibiting a peak overload value of 8,703 g and minimal oscillations. Silicone rubber displayed the poorest protective performance with a peak overload value of 9,885 g and significant oscillations. Although nitrile rubber’s protective performance was lower than that of natural rubber, it exhibited no oscillation signal after impact. The summarized data for different rubber materials under the same experimental conditions are presented in Table 5.
[image: Figure 19]FIGURE 19 | Voltage variation curve of the acceleration sensor.
TABLE 5 | Experimental results for different 2 mm thick rubber materials.
[image: Table 5]Figure 20 presents the voltage variation curve of an acceleration sensor under a 13-tooth impact load for different 6 mm thick rubber pad protections. Similar to the previous case, different rubber materials are represented by different colors. With a 6 mm thick pad, silicone rubber offered the best protective performance, displaying a peak overload value of 5,550 g, however, it exhibited substantial oscillations. Natural rubber demonstrated the poorest protective performance with a peak overload value of 8834 g but no significant oscillations. Fluorine rubber’s protective performance slightly lagged behind that of silicone rubber but exhibited only minor oscillations after impact. The summarized data for different rubber materials under the same experimental conditions are presented in Table 6.
[image: Figure 20]FIGURE 20 | Voltage variation curve of the acceleration sensor.
TABLE 6 | Experimental results for different 6 mm thick rubber materials.
[image: Table 6]5.3 Analysis of different rubber protective performance under a 15-tooth impact
Figure 21 presents the voltage variation curve of the acceleration sensor when using different 2 mm thick rubber pads for protection under a 15-tooth impact load. The red solid line represents nitrile rubber as the cushion pad, the blue dashed line corresponds to fluororubber as the cushion pad, the green dotted line represents silicone rubber as the cushion pad, and the purple dotted line stands for natural rubber as the cushion pad. It can be observed that under the 15-tooth impact load, in the case of 2 mm thick pads, fluororubber exhibited the best protective performance with a peak overload value of 11,724 g, however, it was accompanied by significant oscillations. The silicone rubber exhibited the poorest protective performance with a peak overload value of 14,351 g and substantial oscillations. Nitrile rubber offered lower protective performance compared to fluororubber, but it resulted in only minor post-impact oscillations. The sensor protected by natural rubber showed no oscillation. The summarized data for different rubbers under the same experimental conditions are presented in Table 7.
[image: Figure 21]FIGURE 21 | Voltage variation curve of the acceleration sensor.
TABLE 7 | Experimental results for different 2 mm thick rubbers.
[image: Table 7]Figure 22 displays the voltage variation curve of the acceleration sensor when using different 6 mm thick rubber pads for protection under the 15-tooth impact load. Similar to the previous figure, the color coding remains consistent. In the case of 6 mm thick pads, silicone rubber demonstrated the best protective performance, with a peak overload value of 9,606 g and smaller oscillations. Fluororubber exhibited the poorest performance with a peak overload value of 10,311 g and significant oscillations. The summarized data for different rubbers under the same experimental conditions are presented in Table 8.
[image: Figure 22]FIGURE 22 | Voltage variation curve of the acceleration sensor.
TABLE 8 | Experimental results for different 6 mm thick rubbers.
[image: Table 8]5.4 Analysis of different rubber protective performance under a 17-tooth impact
Figure 23 illustrates the voltage variation curve of the acceleration sensor when using different 2 mm thick rubber pads for protection under the 17-tooth impact load. The color-coding scheme is consistent with the previous figures. Under the 17-tooth impact load, with 2 mm thick pads, natural rubber offered the best protective performance, yielding a peak overload value of 16,880 g without significant oscillations. Fluororubber exhibited the poorest performance, with a peak overload value of 18,949 g and substantial post-impact oscillations. The summarized data for different rubbers under the same experimental conditions are presented in Table 9.
[image: Figure 23]FIGURE 23 | Voltage variation curve of the acceleration sensor.
TABLE 9 | Experimental results for different 2 mm thick rubbers.
[image: Table 9]Figure 24 shows the voltage variation curve of the acceleration sensor when using different 6 mm thick rubber pads for protection under the 17-tooth impact load. The color coding corresponds to the rubber types mentioned earlier. For 6 mm thick pads, fluororubber demonstrated the best protective performance with a peak overload value of 13,300 g, albeit accompanied by significant oscillations. Nitrile rubber protection exhibited a slightly lower performance than silicone rubber, with a peak overload value of 18,029 g and smaller oscillations. The summarized data for different rubbers under the same experimental conditions are presented in Table 10.
[image: Figure 24]FIGURE 24 | Voltage variation curve of the acceleration sensor.
TABLE 10 | Experimental results for different 6 mm thick rubbers.
[image: Table 10]5.5 Summary of experimental results
Based on the horizontal comparison of four types of rubber, it can be seen that fluorine rubber has the worst protective effect regardless of its thickness, while the rest of the rubber exhibits different protective performance under different penetration overloads or thicknesses. When using a 2 mm thick gasket, regardless of the size of the overload, natural rubber has the best comprehensive protective performance. This is because natural rubber has the best comprehensive performance, with high elasticity, strength, and impact toughness; When using 4 mm gaskets, silicone rubber should be used for protection when the overload is not higher than 60,000 g. When the overload is higher than 60000 g, nitrile rubber should be used because nitrile rubber has the highest impact strength; When using 6 mm gaskets, silicone rubber should be used for protection when the overload does not exceed 50000 g. When the overload exceeds 50,000 g, nitrile rubber should be used. When the penetration overload does not exceed 50,000 g, the optimal choice should be 4 mm silicone rubber; On the contrary, 2 mm nitrile rubber should be used.
Overall, the peak overload of silicone rubber is the smallest, but after the end of impact overload, there is a significant oscillation signal in the acceleration sensor protected by silicone rubber, which is consistent with the phenomenon in simulation; The overload peak of natural rubber is slightly lower than that of silicone rubber, but there is no obvious oscillation signal after impact; As for fluorine rubber and nitrile rubber, there is either a problem of high overload peak or obvious oscillation after impact. Experiments have confirmed that the rubber used in the simulation has different protective characteristics in different situations. Therefore, when using rubber as a protective material, the “soft” protective performance of this material cannot be relied solely on, as the “hard” protective performance of this material is poor; Even when the same material penetrates different targets, its protective characteristics will still have significant changes.
6 CONCLUSION
This study addressed the issue of high overload experienced by initiators during the process of hard target penetration. It analyzed the main failure modes of initiators and the theory of stress wave transmission at the projectile–initiator system interface. The study examined the overload signals on the internal circuit boards of initiators under different rubber protections and thicknesses. Furthermore, it validated the simulations using laboratory Marshall hammer impact tests. The main conclusions drawn from the study are as follows:
1) The majority of overload signals experienced by the projectile during penetration result from axial overloads. Filtering the collected signals at frequencies around 3482.8 kHz effectively eliminates the influence of high-frequency oscillations on overload signal collection.
2) When using 2 mm thick rubber pads for protection, natural rubber demonstrates the best protective performance, while the overload on the initiator’s circuit board reaches around 68,400 g. When using 6 mm thick pads, nitrile rubber is best.
3) When using a 2 mm thick pads for protection under 13 tooth tooling impact load, natural rubber has the best protective performance, silicone rubber is the best when using 6 mm thick pads. When using a 15 tooth fixture to impact a 2 mm thick pads, fluororubber is the best, and when using a 6 mm thick pads, silicone rubber is the best. When using a 17 tooth tooling to impact a 2 mm thick pads, natural rubber is the best, and when using a 6 mm thick pads, fluororubber is the best.
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