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To expand the application range of explosive fragmentation projectiles, tungsten fiber-reinforced bulk metallic glass matrix composite (WF/Zr-MG) is used as the warhead shell in static explosion experiments, and is compared with 40CrMnSiB steel shells. The experimental results showed that, compared with 40CrMnSiB steel shells, the fragments produced by the WF/Zr-MG shell exhibit a larger aspect ratio, smaller average size, and a greater number of fragments at distances of 3 m and 5 m, with an equal number of fragments at a distance of 8 m. Theoretical calculations showed that the initial velocity of the fragments produced by the WF/Zr-MG shell is lower, but their velocity decay is slower, resulting in a greater determined damage range. The research results showed that WF/Zr-MG can be used as a shell material for explosive fragmentation projectiles, which can enhance their destructive power.
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1 INTRODUCTION
Explosive fragmentation projectiles rely on the explosion of the explosive to drive the metal shell to break and scatter, thereby generating high-speed fragments to damage the enemy. Therefore, the quantity, mass, and velocity of the fragments are important indicators that affect the destructive power of the projectile (Zhao et al., 2020). The shell is the source of fragment production, making it the most important component that affects the damage caused by explosive projectiles (Goto et al., 2008). Currently, the most commonly used material for shell is steel (Zhu et al., 2017; Wang et al., 2018; Li et al., 2021; Du et al., 2022a; Elshenawy et al., 2022), but due to different requirements for explosive fragmentation projectiles in different situations, more research is needed to develop shell materials to expand their application range.
Zr-based bulk metallic glasses are high-strength materials with a tendency to ignite, making them potential candidates for use as shell materials for explosive projectiles (Zhou et al., 2018; Yang et al., 2021; Shen et al., 2022; Cai et al., 2023). However, Zr-based bulk metallic glasses have low toughness and require fibers to enhance toughness for use as explosive projectile shells. Dandliker et al. (Dandliker et al., 1998) found that tungsten fibers have good interface wetting with Zr-based bulk metallic glasses through experimental research, and can be used as a reinforcing phase. The experiment proved that the compression strength of tungsten fiber reinforced Zr-based bulk metallic glasses matrix composite (WF/Zr-MG) is about 2,200 MPa, with a fracture strain of more than 14% (Zhang et al., 2013; Chen et al., 2017; 2020; Zhang et al., 2021; Du et al., 2022b), meeting the performance requirements for explosive projectiles. Compared with traditional steel materials, WF/Zr-MG has two advantages. Firstly, WF/Zr-MG is highly combustible, resulting in better damage effects from the fragments produced during the explosion (Du et al., 2016; Zhou et al., 2023). Secondly, WF/Zr-MG can be designed and modified by adjusting the fiber volume fraction or layout according to demand. However, no relevant research on the application of WF/Zr-MG as an explosive projectile shell has been seen so far.
Therefore, this study used the same size WF/Zr-MG shell for explosive experiments and compared it with traditional 40CrMnSiB steel. The explosive experiment was used to analyze the damage range and destructive power of WF/Zr-MG.
2 SETUP OF EXPERIMENTS AND ANALYSIS OF EXPERIMENTAL RESULTS
2.1 Setup of experiments
Taking into account the aspect ratio of the shell of an explosive projectile, a simulated explosive shell with an outer diameter of 40 mm, height of 80 mm, and thickness of 4 mm was designed. The shell was made of WF/Zr-MG and 40CrMnSiB, as shown in Figure 1. The average weight of WF/Zr-MG and 40CrMnSiB shells is 613.0 g and 276.4 g, respectively, with densities of 16.93 g/cm3 and 7.63 g/cm3.
[image: Figure 1]FIGURE 1 | Shells made of (A) WF/Zr-MG, (B) 40CrMnSiB.
D-RDX (Desensitized- Royal demolition explosive) is used in the experiment, and the explosive column is shown in Figure 2. The dimensions of the explosive column were ∅30 mm × 40 mm, with a mass of 45 ± 0.1 g and a density of 1.62 ± 0.05 g/cm3 for each column. The projectile is shown in Figure 3, consisting of two columns of D-RDX placed within the shell. A detonator is placed at one end of the D-RDX column. The detonator is connected to the D-RDX column through a base of the detonator, ensuring that the detonator and D-RDX column are aligned steadily.
[image: Figure 2]FIGURE 2 | D-RDX.
[image: Figure 3]FIGURE 3 | Schematic of projectile.
The setup of the experiment is shown in Figure 4, with the shell height from the ground at 45 cm. To analyze the effect of the explosive shock wave on the range of the explosion and the formation and distribution of shell fragments for different shells, three 1 m × 1.25 m×2 mm 2A12 aluminum alloy targets are arranged around the shell to track the trajectory and quantity of fragments. The aluminum alloy targets are placed at distances of 3 m, 5 m, and 8 m from the shell, and are not obstructed by each other, ensuring the validity of the test results.
[image: Figure 4]FIGURE 4 | Setup of the experiment.
2.2 Analysis of experimental results
Four experiments were conducted, including two WF/Zr-MG shells (No. 1# and 2#) and two 40CrMnSiB shells (No. 3# and 4#). The aluminum alloy targets show that the explosion of the WF/Zr-MG shell resulted in a higher number of fragments compared to the explosion of the 40CrMnSiB shell, as shown in Figure 5 and Figure 6.
[image: Figure 5]FIGURE 5 | Fragments on the target at the distance of (A) 3 m, (B) 5 m, (C) 8 m penetrated by 2# shell.
[image: Figure 6]FIGURE 6 | Fragments on the target at the distance of (A) 3 m, (B) 5 m, (C) 8 m penetrated by 4# shell.
Furthermore, Figure 7 presents the magnified images of the fragments that penetrated the target plate at 3 m by the 2# and 4# shells, which indicates that the fragments produced by the WF/Zr-MG shell after the explosion are denser compared to those produced by the 40CrMnSiB shell. In addition, the fragments produced by the WF/Zr-MG shell have a smaller average size but a larger aspect ratio compared to those produced by the 40CrMnSiB shell.
[image: Figure 7]FIGURE 7 | Detailed of fragments on the target at the distance of 3 m penetrated by (A) 2# shell and (B) 4# shell.
To further analyze the characteristics of the fragments generated after the explosion of the two materials, a statistical analysis of the number of perforations on the targets was conducted, and the dimensions of the perforations were measured. Table 1 presents the quantity of perforations in different area ranges on all targets, as well as the total number of perforations.
TABLE 1 | Quantity in different area ranges and total number of perforations on targets.
[image: Table 1]Table 1 indicates that the number of perforations on the targets at 3 m and 5 m distances after the explosion of the WF/Zr-MG shells is significantly higher than that of the 40CrMnSiB shells, while the number of perforations on the target at an 8 m distance is comparable to that of the 40CrMnSiB shells. Additionally, from Figures 5, 6, it can be observed that the distribution range of fragments generated by the WF/Zr-MG shells on the target plates at 3 m, 5 m, and 8 m distances is larger than that of the 40CrMnSiB shells.
According to the dimensions of the perforations on the targets, the aspect ratio of the fragments generated by the four shells is calculated. The average aspect ratio of the fragments, as calculated from all the aluminum alloy targets, is presented in Figure 8. It can be observed from Figure 8 that the average aspect ratio of the fragments generated by the 40CrMnSiB shell is approximately 2, while the average aspect ratio of the fragments generated by the WF/Zr-MG shell is approximately 4, twice that of the fragments generated by the 40CrMnSiB shell.
[image: Figure 8]FIGURE 8 | Average aspect ratio of the fragments.
To further compare and analyze the quantity of fragments produced by the two materials after the explosion, the number of perforations on the target plates at distances of 3 m, 5 m, and 8 m was combined, as shown in Figure 9. From Figure 9, it can be observed that the number of fragments with perforations smaller than 20 mm2 generated by the WF/Zr-MG shells is significantly higher than those produced by the 40CrMnSiB steel shell after the explosion. The quantity of fragments with perforations ranging from 20 to 30 mm2 generated by the WF/Zr-MG shells is also greater than those produced by the 40CrMnSiB steel shell, approximately twice as many. The number of fragments with perforations larger than 30 mm2 generated by both the WF/Zr-MG shells and the 40CrMnSiB steel shell is relatively equal. The statistical results from Figure 9 reveal that the WF/Zr-MG shells produce a large quantity of small-sized fragments, while the quantity of large-sized fragments is comparable to that of the 40CrMnSiB steel shell. Therefore, WF/Zr-MG is more suitable for applications requiring the generation of small-sized fragments in explosive ammunition compared to 40CrMnSiB steel.
[image: Figure 9]FIGURE 9 | Area of the bullet hole.
When facing heavily armored targets, large-sized fragments often play a deterministic role compared to small-sized fragments. Therefore, it is necessary to compare the ability of WF/Zr-MG and 40CrMnSiB steel materials to produce large-sized fragments. As shown in Table 1, for 1# and 2# 40CrMnSiB steel shells, a total of 3 and 12 fragments with perforation areas larger than 50 mm2 were observed on three target plates, while for 3# and 4# WF/Zr-MG shells, a total of 8 and 5 fragments with perforation areas larger than 50 mm2 were observed on three target plates. This indicates that the quantity of large-sized fragments generated by WF/Zr-MG steel shells and 40CrMnSiB shells is comparable. However, when looking at the number of individual fragments, among all the perforations, the largest area of fragments produced by the 40CrMnSiB steel shell is approximately 128 mm2, while the largest perforation area produced by the WF/Zr-MG shell is 168 mm2, as shown in Figure 10 and Figure 11. Therefore, from the perspective of the largest mass of fragments, it is found that the WF/Zr-MG is capable of producing larger fragments than the 40CrMnSiB steel shell, thus possessing greater penetration capability.
[image: Figure 10]FIGURE 10 | Large bullet holes caused by the fragmentation of 40CrMnSiB steel shell. (A) the largest bullet hole from the 1# shell, (B) the largest bullet hole from the 2# shell.
[image: Figure 11]FIGURE 11 | Large bullet holes caused by the fragmentation of WF/Zr-MG shell. (A) the largest bullet hole from the 3# shell, (B) the largest bullet hole from the 4# shell.
Therefore, from the experimental results, it can be concluded that WF/Zr-MG has a higher number of fragments and destructive power than the 40CrMnSiB in a small range as a warhead shell. In a far distance range, its number of fragments and destructive power are comparable to those of 40CrMnSiB.
3 EXPLOSIVE FRACTURE MECHANISM OF WF/ZR-MG SHELL
From Figure 7, Figure 10, and Figure 11, it can be observed that the shapes of the fragments generated after the explosion of the WF/Zr-MG shell differ from those generated after the explosion of the 40CrMnSiB shell. The majority of fragments produced by the 40CrMnSiB shell explosion have an elliptical shape with a relatively small aspect ratio, while the majority of fragments produced by the WF/Zr-MG shell explosion are rectangular with a larger aspect ratio. This demonstrates that the WF/Zr-MG shell and the 40CrMnSiB shell have different fracture modes under explosive loading conditions, leading to the generation of different fragment shapes.
WF/Zr-MG material is a unidirectional fiber-reinforced composite, making it anisotropic. Experimental results confirm that the compressive strength along the fiber direction of WF/Zr-MG material is approximately 2 GPa, the tensile strength along the fiber direction is approximately 1 GPa, and the tensile strength perpendicular to the fiber direction is only 253 MPa (Zhang et al., 2014). Due to the lower tensile strength in the perpendicular fiber direction of WF/Zr-MG, the material experiences rapid circumferential fracture under the action of explosive loading. As the explosive load continues to apply, the fractured WF/Zr-MG material is subjected to tensile stress along the fiber direction that exceeds its tensile strength, resulting in material fracture. Since the material has lower strength perpendicular to the fiber direction and the explosive load is high, circumferential fracture occurs easily, leading to the formation of multiple cracks. On the other hand, the high tensile strength along the fiber direction results in smaller fractions of fractures in that direction, resulting in the generation of fragments with a larger aspect ratio, as shown in Figure 12.
[image: Figure 12]FIGURE 12 | WF/Zr-MG fragments embedded in protective steel plate.
3.1 Theoretical calculation of shell breaking under dynamic pressure
Assuming the material density [image: image] remains constant during the expansion process of the shell, the motion equation and continuity equation can be respectively expressed as follows (Wang, 2019):
[image: image]
[image: image]
where [image: image] and [image: image] represent the instantaneous stress of an arbitrary infinitesimal element within the shell, [image: image] represents the instantaneous radius of a particular point inside the shell, as illustrated in Figure 13. [image: image] is the shape factor of the shell, which, for the cylindrical shell used in this experiment, is determined by [image: image].
[image: Figure 13]FIGURE 13 | The stress state on an infinitesimal element within a cylindrical shell.
The yield condition of the material can be expressed as follows:
[image: image]
In the equation, [image: image] represents the yield limit of the material, [image: image] denotes the calculation coefficient. In this calculation, the Tresca criterion is employed; therefore [image: image], which implies [image: image].
Substituting Equation 3 into Equation 1 and integrating with respect to [image: image], while [image: image], [image: image], where [image: image] represents the pressure of the explosive products inside the shell, the following equation can be obtained:
[image: image]
The initial pressure on the surface within the shell is equal to the average pressure of the gas products at the moment of instantaneous explosion of the explosive.
[image: image]
The pressure variation experienced by the surface within the shell follows the expansion behaviour of the explosive products
[image: image]
In the equation, [image: image] represent the initial inner radius of the shell, [image: image] represent the inner radius of the shell during expansion. [image: image] and [image: image] represent the density and detonation velocity of the explosive, [image: image] represents the adiabatic index of the explosive. For the D-RDX used in this experiment, the density is [image: image] = 1.65 g/cm3, the detonation velocity is [image: image] = 8,180 m/s, and the adiabatic index is [image: image] (Wang, 2019). Based on these parameters, the initial pressure inside the shell during the explosion of the explosive in this experiment can be calculated to be [image: image] = 24.4 GPa.
Based on Taylor’s assumption (Taylor, 1963; Held, 2010) that radial cracks can only be stretched circumferentially on the outer surface of the shell, the boundary condition [image: image] can be obtained, where [image: image] is the fracture coefficient and [image: image] is the material’s tensile strength,
[image: image]
According to the end effect theory, when the explosive detonates, as the expands of the shell, it undergoes plastic deformation and forms fragments when the internal pressure [image: image] drops to the yield limit of the material. When the shell is completely broken, the boundary condition is [image: image] and [image: image], where [image: image] is the expansion radius of the shell at the moment of fragmentation, and [image: image] is the critical pressure for shell fragmentation. Substituting Equation 7 into Equation 4, it can be derived that
[image: image]
Equation 8 demonstrates that, the failure of a monolith is not only influenced by the material’s yield limit but also by its strength limit. Furthermore, consideration must be given to the monolith’s shape and its corresponding yield conditions. According to the Taylor critical stress fracture criterion, when the shell is completely fractured, [image: image] is determined as.
[image: image]
Combining Eq.8 and 6, and the Tresca criterion, the expansion radius of a shell material at the moment of fragmentation can be expressed as
[image: image]
Based on the relevant experimental results, the yield strength of 40CrMnSiB steel and WF/Zr-MG are 850 MPa and 253 MPa (Zhang et al., 2014), respectively. Therefore, the fracture diameters of the 40CrMnSiB steel shell and the WF/Zr-MG shell can be calculated as 60.62 mm and 98.07 mm, respectively.
Under the action of explosive loads, the warhead shell expands outward. Assuming that the initial shell radius and wall thickness of the expansion are [image: image] and [image: image], respectively, according to the law of constant volume for the shell:
[image: image]
The thickness of the shell at the moment of rupture will be:
[image: image]
where
[image: image]
[image: image] is the ratio of the radius at the moment of shell rupture:
Mott and Linfoot (Mott and Linfoot, 1943) proposed that the energy W required per unit area of shell thickness at the moment when a crack is formed is:
[image: image]
Based on experimental results, the value of W for most metallic materials ranges from 14.7 to 168 J/cm2. It should be noted that due to the extensive use of modern advanced materials, their material properties have significantly improved, and the corresponding critical energy value for crack failure, W may exceed this range. The determination of the specific value of W can be accomplished through experimental and theoretical methods (Wang, 2019).
[image: image]
In the equation, [image: image] is Gauney constant, [image: image] (Wang, 2019), [image: image] represents the mass ratio of the explosive to the shell, [image: image] represents the radius of the shell during the expansion process, and l represents the calculated effective length of the warhead. With the known parameters of the shell and the value of W, once the initial velocity v0 of the fragments is obtained, the average width l2 of the warhead fragments can be determined.
Although the theoretical calculation formulas mentioned above are commonly employed to calculate fragment sizes generated by homogeneous materials during shell explosions, WF/Zr-MG is a heterogeneous material. However, due to its unidirectional fiber reinforcement, the WF/Zr-MG shell experiences only radial forces during the explosive propulsion process, rendering the fibers inactive. Consequently, for analytical purposes, WF/Zr-MG can be treated as a homogeneous material.
According to Eq. 14 and 15, the average width of fragments from the 40CrMnSiB steel shell after expansion is 1.01 mm, while that of the WF/Zr-MG shell is 0.67 mm. Compared to 40CrMnSiB steel shells, WF/Zr-MG shells have better fragmentation effects and are more likely to tear and break under the expansive force of the shock wave. However, relative to 40CrMnSiB steel, the WF/Zr-MG shells have a shorter expansion time under the shock wave and initial fragment velocities will be smaller.
3.2 Calculation of initial velocity of fragments
According to the theory of terminal effect (Wang, 2019), the classical Gruneisen formula does not include relevant parameters such as the strength of materials used of the shell, it is not suitable for calculating the initial velocity of the composite shell in this case. The influence of the shell material mainly manifests in plastic deformation. A shell with good plasticity does not rupture even when its inner radius expands to the maximum critical radius under the action of explosion products, and thus can achieve greater acceleration. On the other hand, a shell with poor plasticity will rupture before it reaches its maximum velocity under the action of the explosion products. Relevant literature suggests that the initial velocity model of a shell fragment at the moment of rupture can be expressed as follows (Wang et al., 2015; Wang, 2019):
[image: image]
Here, [image: image] is a constant, [image: image] is the inner surface area of the shell, [image: image] and [image: image] are the initial inner radius and critical fracture expansion inner radius of the shell, respectively, and [image: image] is the dynamic tensile strength of the shell.
Compared to the 40CrMnSiB shell, the radial tensile strength of WF/Zr-MG is lower. During the expansion of the explosive gases, the WF/Zr-MG shell experiences a faster fragmentation rate and shorter acceleration time of the fragments, resulting in a lower initial velocity. After calculation, the initial velocities of the two types of shells are as follows: the initial velocity of the 40CrMnSiB steel shell fragment is 1,332 m/s, while that of the WF/Zr-MG shell fragment is 908 m/s.
The storage capability and flight performance of the fragments are related to factors such as the shape, mass, and windward area of the fragments. Relevant empirical formulas suggest that (Wang et al., 2015; Wang, 2019):
[image: image]
Here, [image: image] is the initial velocity of the fragment, [image: image] is the air resistance coefficient, which can be determined based on the shape of the fragment collected from experiments. The fragments resulting from 40CrMnSiB shells tend to form irregular shapes, while the fragments resulting from WF/Zr-MG shells tend to be composed of shattered long strip-shaped tungsten fibers and bonding phases. Wang performed curve fitting of the [image: image] values for different fragment shapes, determining a [image: image] value of 1.3 for regular rectangular or diamond-shaped fragments and 1.5 for irregular fragments. Therefore, a value of 1.5 is chosen for the fragments resulting from 40CrMnSiB shells, while a value of 1.3 is chosen for WF/Zr-MG shells. [image: image] is the air density, [image: image] is the flight attenuation distance of the fragment, [image: image] is the shape coefficient of the fragment, which is 4.5 × 10−3 for 40CrMnSiB steel fragments and 3.3 × 10−3 for WF/Zr-MG fragments, and [image: image] is the mass of the calculated fragment. The attenuation law of the formed fragment velocity with distance for the two types of shell materials can be calculated as shown in Figure 14.
[image: Figure 14]FIGURE 14 | Decay of flight velocity of fragments.
4 DISCUSSION
4.1 Damage criterion of fragments on light armored vehicles
The probability of damage to a vehicle by fragments is determined by a linear probability distribution function and a penetration fragment density criterion, which can be expressed as follows (Wang, 2019):
[image: image]
Here, [image: image] is the damage criterion for warheads against typical targets. According to relevant literature, the damage criterion for fragments against light armored vehicles is 4–8 pieces/m2 (Wang et al., 2017). In this case, the damage criterion is taken as [image: image]. By substituting Eq. 7 and 8 into formula Eq. (9), we get the damage criterion of the 40CrMnSiB shells (Eq. 10) and the WF/Zr-MG shells Eq. 11 (Wang, 2019)
[image: image]
[image: image]
According to Eq. 10 and 11, the probability of damage to light armored vehicles by 40CrMnSiB shells and WF/Zr-MG shells can be calculated, as shown in Figure 15. It can be seen from Figure 15 that the determined damage range of 40CrMnSiB shells to armored vehicles is 6 m, while that of WF/Zr-MG shells is 8 m. Therefore, the determined damage range of WF/Zr-MG shells to light armored vehicles is 33% higher than that of 40CrMnSiB shells.
[image: Figure 15]FIGURE 15 | Damage criterion of the 40CrMnSiB shells and the WF/Zr-MG shells.
4.2 Effective interception radius
The corresponding circular radius [image: image], which represents the effective interception, is referred to as the interception radius. The meaning of [image: image] is as follows: On the circumference of this radius, the targets are intercepted, with an average of one fragment hitting each intercepted target.
When considering the projectile velocity [image: image], the dynamic initial velocity [image: image] of the fragments is (Wang, 2019):
[image: image]
where is [image: image] is the angle between the projectile velocity [image: image] and the fragment velocity [image: image], as shown in Figure 16.
[image: Figure 16]FIGURE 16 | Synthesis of fragment initial velocity.
Considering air resistance, the velocity of the fragments during motion decays exponentially, as follows:
[image: image]
In the equation, [image: image] represents the velocity decay coefficient, [image: image] denotes the flight distance, and represents the initial dynamic velocity of the fragments. The coefficient [image: image] can be expressed as:
[image: image]
where [image: image] represents the mass of the fragments, [image: image] represents the air resistance coefficient during fragment flight, [image: image] represents the frontal area of the fragments, and [image: image] represents the air density.It can be set
[image: image]
The coefficient H, commonly referred to as the conformal coefficient, is primarily determined by the shape of the fragments and greatly influences their ability to retain velocity. For irregular steel fragments, H is approximately 230. Finally, we obtain (Wang, 2019)
[image: image]
Assuming that the target intercepted by the shell is an incoming aircraft and the projectile’s terminal velocity is 700 m/s, we can calculate the effective interception radius of different weight fragments for both the 40CrMnSiB and WF/Zr-MG shells based on Eqs 23–25, as shown in Figure 17. From Figure 17, it can be observed that under the same conditions, using WF/Zr-MG material as the shell results in an approximately 20% higher effective interception radius compared to the 40CrMnSiB shell.
[image: Figure 17]FIGURE 17 | Effective interception radius of 40CrMnSiB and WF/Zr-MG shell with different weights of fragments.
5 CONCLUSION
This study conducted static blast experiments using WF/Zr-MG shells and theoretically calculated the fragment velocity and destructive power under explosion conditions. A comparison was made with traditional 40CrMnSiB steel shells, and the following conclusions were drawn:
(1) As a warhead shell, the WF/Zr-MG shells produce more fragments on targets at a distance of 3 m and 5 m than 40CrMnSiB steel shells, and produce the same amount of fragments on targets at a distance of at 8 m as 40CrMnSiB steel shells. The WF/Zr-MG shell generates the highest number of fragments smaller than 10 mm2. Additionally, the fragments produced by the WF/Zr-MG shell differ in shape from those generated by the 40CrMnSiB shell, with the aspect ratio of WF/Zr-MG fragments being approximately twice that of 40CrMnSiB fragments.
(2) Theoretical calculations demonstrate that the lower transverse tensile strength of WF/Zr-MG results in lower initial velocities and smaller fragment sizes. Due to the fracture characteristics of WF/Zr-MG, it generates a higher number of fragments, resulting in approximately 25% higher damage to armored vehicles and around a 20% larger interception range for airborne targets when used as a shell material.
(3) The experimental results have demonstrated that the fragments produced by WF/Zr-MG exhibit superior damage ability compared to 40CrMnSiB. Therefore, WF/Zr-MG can be applied for the shell of explosive fragmentation projectiles.
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