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Abstract: The main goal of this work is to study the ballistic performance of multi-layered moderately-thick metallic targets. Several target configurations have been considered in this work, with various types of interlayer connection (spaced, contacted and adhesive) and the number of layers (four and eight), and the influence of target configurations on ballistic performance has been studied experimentally and numerically. In the experiments, the targets were impacted by 12.7-mm projectiles at a velocity around 820 m/s. The experimental results show that, with similar total thickness, the contacted and adhesive targets exhibit better ballistic performance than the monolithic targets, and the four-layered targets are better than the eight-layered targets with the same connection type. To explore the ballistic resistance mechanism, numerical method has been used to simulate the penetration process of each target. The numerical results indicate that petal formation and friction have significant influence on targets’ ballistic performance. Friction has stronger influence on the multi-layered targets than on the monolithic ones. According to the numerical results, about 14% of projectile's initial kinetic energy is dissipated by friction during penetrating the four-layered contacted target, which is proved to be the most effective type of target studied in this work. The results also indicate that, in contrast to common understanding, friction plays an important role even when the impact velocity is significantly higher than the ballistic limit. The outcome of this work may provide useful information for a better understanding of ballistic resistant mechanisms and more efficient utilization of multi-layered metallic targets in armor structural design.
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1  Introduction

In the past decades, multi-layered metallic plates have drawn broad attention for the usage in civil and military armored shields, and the ballistic performance of this kind of target has been studied intensively. Though armored shields are usually made of monolithic metallic plates, the demand for layered targets is increasing sharply, since it is normally difficult to manufacture monolithic metallic plates to the designed thickness [1], and properly designed multi-layered targets exhibit better ballistic performance compared to monolithic targets [2].

The idea of using multi-layered metallic targets is not new and their ballistic performance has been widely studied experimentally. Corran et al. [3] experimentally studied the ballistic performance of monolithic and layered targets using rounded-nose projectiles in the tests. They concluded that the multi-layered targets exhibit better ballistic performance, and the resistance mechanism is dominated by bending for monolithic targets and by membrane resistance for layered targets. Deng et al. [4] conducted comprehensive experiments to exam the ballistic behaviors of layered steel shields impacted by hemispherical-nosed projectiles. Their results showed that the monolithic shields exhibit higher ballistic limit velocity than the layered shields when the total thickness is relatively small, but this trend is reversed when the total thickness is above a specific value. The reason is that the targets’ failure mechanism is changed from mainly shearing to mainly bending and stretching when the thickness is increased. Dey et al. [2] performed experiments with monolithic steel shields and double-layered shields, with similar total thickness as 12 mm, impacted by blunt- and ogival-nose projectiles. They found that the double-layered targets exhibit better ballistic capacity against blunt-nose projectiles, but this advantage disappears for ogival-nose projectiles. Such phenomenon can be explained by the difference in resistance mechanisms. For blunt projectiles, targets’ failure modes are dominated by shear band for the double-layered targets and by ductile hole formation (DHF) for the monolithic targets. Differently, for ogival projectiles, targets’ failure modes are independent of target configurations and are dominated by DHF regardless. Similar phenomenon has also been reported and discussed in other literature [5–7].

Note that, in the research reviewed above, the targets were relatively thin compared to projectiles’ diameter, and projectiles’ velocity was lower than 500 m/s. To the authors’ knowledge, not much results can be found in the literature about the ballistic performance of moderately-thick layered targets impacted by projectiles at higher velocity and the existing results are to some extent incompatible [7]. According to numerical simulations by Abdelshafy et al. [8], two-or three-layered targets exhibit higher ballistic resistance than monolithic ones. Some other numerical and experimental studies show that monolithic targets are usually better than two-or three-layered targets [1,9–11]. Børvik et al. [12] concluded based on experimental observation that monolithic and double-layered targets have similar ballistic limit velocity, and Iqbal et al. [13] drew similar conclusion based on numerical simulations. Moreover, the understanding of layered targets’ ballistic mechanism is also not consistent. According to their numerical results, Iqbal et al. [13] found that the dominated failure mode of both monolithic and layered targets is DHF. But petal shape failure mode was observed by Børvik's group [12,14,15] in impact tests of layered targets. Obviously, conclusions drawn in these works are not consistent to some extent. Inspired by the contribution from the groups of Børvik et al. [12–15], the reason for the inconsistence may rely on the fact that the targets’ ballistic mechanism against ogive-nosed projectiles has not yet been clearly understood. Thus, thorough studies on the ballistic resistance mechanism of multi-layered moderately-thick targets are still needed to fully exploit the potential capacity of this type of armor structures, and how the interlayer connection and number of layers influence the targets’ ballistic performance is still an important question to be answered.

For above reason, this work aims on explore the ballistic performance of multi-layer moderately-thick targets based on impact experiments and simulations. In experiments, moderately-thick monolithic and multi-layered targets were impacted by 12.7-mm armor piercing (AP) projectiles at a velocity around 820 m/s. Different types of interlayer connection (spaced, contacted and adhesive) as well as the number of layers (four and eight) have been considered for the multi-layer targets. Numerical models were built according to the experimental setup in order to simulate the penetration process and to study the influence of target configurations on the ballistic performance.

This paper is organized in the following way. In Section 2, the setup of ballistic tests and experimental results are presented. In Section 3, numerical results are reported and compared with experimental observations. In Section 4, the influence of targets’ failure modes and configurations on the ballistic performance are discussed based on experimental and numerical results. In Section 5, main findings and contributions of this work are summarized.

2  Experimental Works

2.1 Setup of Ballistic Tests

The setup of ballistic tests in this work is shown in Fig. 1. A ballistic gun was used as the launcher. Standard 12.7-mm AP projectiles were used in this study. The type of projectiles has an ogival-shaped hard steel core, as shown in Fig. 2, with a mass of 29 g and a length of 51.6 mm. In the ballistic tests, the initial velocity was about 820 m/s. Impact velocity was calculated according to the time interval recorded by the time counter when the projectile went through the two pieces of tinfoil. The tested targets were constrained by confinement (see Fig. 3). Behind the confinement, there was an inhibiting device with a hole in the center. The inhibiting device determined the confinement displacement in the incident direction and allowed the residual projectiles to be arrested by the witness block. The witness block was made of 603 steel.
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Figure 1: Setup of the ballistic tests
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Figure 2: Hard steel core of a 12.7-mm AP projectile
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Figure 3: (a) Confinement and (b) inhibiting devices used in the ballistic tests

2.2 Target Configurations

The tested targets were made of 316L steel for which the yield stress is about 350 MPa. Three types of interlayer connection, i.e., spaced, contacted and adhesive, were considered for the multi-layered targets. In the spaced targets, there was a gap with constant width between neighboring layers. In the contacted targets, neighboring layers were in contact. In the adhesive targets, neighboring layers were glued using epoxy resin with specified thickness. The in-plane size of each target was 150 mm × 150 mm. The summed thickness of all steel plates in each target was about 40 mm. Note that the total thickness of the spaced and adhesive targets exceeded 40 mm since it consisted of the thickness of gaps or adhesive layers and the thickness of steel plates. In this work, the number of layers was chosen as four and eight for the multi-layer targets.

In the spaced targets, the gap between neighboring metallic plates was prescribed as 1 mm. The spaced targets were fixed by the confinement (see Fig. 3b), and the width of gaps was guaranteed by placing four iron wires, with a diameter of 1 mm, between neighboring layers (see Fig. 4). The contacted targets were prepared in a similar way without placing iron wires between layers. In the adhesive targets, the metallic layers were glued by 1 mm thick epoxy resin, which was SEIWON two-part epoxies. Similar to the spaced targets, the thickness of adhesive layers was guaranteed by using the iron wires. The glued targets were placed in air for more than 72 h until the epoxy resin was completely hardened. Figs. 5a and 5b show the adhesive targets with eight and four layers, respectively. Additionally, the monolithic targets with 40 and 60 mm thickness were also prepared and tested serving as references for the multi-layer targets.
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Figure 4: Demonstration on the method to guarantee width of gaps or thickness of adhesive layers between neighboring metallic layers
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Figure 5: Illustrative examples of the adhesive targets with (a) eight and (b) four layers

The target configurations used in this work are summarized in Table 1. The targets are labels in the following way. The monolithic targets are labelled by M, and the number before the dash indicates the total thickness of the targets and the number after refers to the sample number. For the multi-layered targets, the spaced, contacted and adhesive types are respectively labelled as S, C and A, and the number before the dash represents the number of layers and the one after is the sample number. In Table 1, the summed thickness of metallic plates (excluding thickness of gaps and adhesive layers) is also provided for each target.
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2.3 Experimental Results

In this work, residual depth of penetration (RDOP) is used to measure the ballistic performance of tested targets. RDOP was firstly proposed by Yaziv et al. [16] to measure the ballistic performance of ceramics and has also been used in other works [17,18]. The penetration depth in the semi-infinite 603 steel target was used as the reference (see Fig. 6a). In the original RDOP test, the ceramic tile was attached to the witness block. But, in this work, the witness block was placed 150 mm away from the tested targets to guarantee that the targets had enough space to deform during penetration. The ballistic performance of the tested targets was measured by the efficiency factor Δe defined in [18]:

Δe=(P603−Pr)⋅ρ603tt⋅ρt(1)


where P603 is the reference penetration depth in the semi-infinite 603 armor steel target (see Fig. 6a), Pr is the residual penetration depth in the witness block, tt is the total thickness of tested targets (see Fig. 6b), and ρ603 and ρt refer respectively to the density of 603 armor steel and tested targets. In this work, the penetration depth in 603 steel P603 has been measured as 30.03 mm from ballistic tests. ρ603 and ρt were taken as the density of steel reads 7.85 g/cm3.
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Figure 6: Illustration of (a) reference, (b) RDOP and (c) DOP tests

Since, in our ballistic experiments, the 60-mm monolithic targets were not perforated completely in the tests, their ballistic performance was measured by depth of penetration (DOP), as shown in Fig. 6c, and the efficiency factor was calculated as

Δe=P603⋅ρ603Dp⋅ρt(2)


where Dp is the penetration depth in targets M60 (see Table 1).

Since the adhesive targets consisted of metal and resin layers, the efficiency factor was calculated as

Δe=(P603−Pr)⋅ρ603tt⋅ρt+tepoxy⋅ρepoxy(3)


where ρepoxy is the density of epoxy resin reads 1.2 g/cm3, and tepoxy is the summed thickness of epoxy resin.

The experimental results are summarized in Table 2 including the penetration depth Dp, the residual penetration depth Pr, the average values of Dp and Pr, and the efficiency factors Δe. Note that, if the projectile is fractured and stuck in a target, the corresponding target label is marked by * in Table 2.
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The ballistic efficiency factor Δe for different target configurations are summarized and compared in Fig. 7 according to which following conclusions can be drawn. Firstly, the 60-mm monolithic targets have the highest Δe. Secondly, both the adhesive and contacted targets have higher Δe than 40-mm monolithic targets, while it is not the case for the spaced targets. Among the multi-layer targets, the contacted targets have the highest Δe. Thirdly, compared between the four-and eight-layer targets with the same type of connection, the former has higher Δe indicating that the ballistic efficiency is decreased with an increasing number of layers. Note that the marker * in Fig. 7 has a similar meaning as in Table 2.
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Figure 7: The efficiency factor Δe vs. different target configurations

2.4 Failure Modes

It can be observed in Fig. 7 that efficiency factor Δe varies significantly with respect to target configurations. This phenomenon can be explained by the difference in deformation and failure modes which influence energy absorption efficiency of targets. The failure mode of each target configuration is discussed in the following.

2.4.1 Monolithic Targets

According to Fig. 8d, the dominated failure mode of the 60-mm monolithic targets (M60) was DHF. For such failure mode, the ogival-shaped projectiles induce localized plastic deformation in targets and leave hole-like impressions. During the penetration process, there is no material lost, and projectiles’ initial kinetic energy is mainly dissipated by plastic deformation.
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Figure 8: Illustrative failure modes as (a) front side of M60, (b) front side of M40, (c) exit side of M40, (d) cross-section of M60, (e) cross-section of M40

As shown in Figs. 8b and 8e, the failure mode of the 40-mm monolithic targets (M40) was also dominated by DHF, but, since M40 was not thick enough to arrest the projectile, the targets were completely perforated, and petals were observed on the exit-side surface. In both the M60 and M40 cases, target material in impacted region was pushed and flowed outward from projectile nose during penetration process. In the M60 case, there was always sufficient material to impede the projectile (see Fig. 8d). In M40 case, when projectiles approached the red dash-dotted line in Fig. 8e, metal on the exit side of targets was fractured gradually leading to petal-shape failure mode (see Fig. 8c). According to Table 2, the efficiency factor Δe of M40 was about 27% lower than that of M60 indicating that the presence of petals leads to degradation on ballistic performance of monolithic targets.

2.4.2 Multi-Layered Targets

Compared to the monolithic targets, failure modes of the multi-layered targets were much more complicated (see Figs. 9–22) including DHF, petal formation, membrane stretching, bending, etc. Furthermore, as shown in Figs. 15–20, projectiles were fractured and stuck during penetrating some of the contacted and adhesive targets, which resulted in even more complicated ballistic mechanisms. Failure modes of the spaced, contacted and adhesive targets are discussed in the following.
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Figure 9: The front side of each layer of eight-layered spaced targets

[image: images]

Figure 10: The exit side of each layer of eight-layered spaced targets
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Figure 11: The front side of each layer of four-layered spaced targets
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Figure 12: The exit side of each layer of four-layered spaced targets
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Figure 13: The front side of each layer of eight-layered contacted targets
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Figure 14: The exit side of each layer of eight-layered contacted targets
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Figure 15: The front side of each layer of four-layered contacted targets
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Figure 16: The exit side of each layer of four-layered contacted targets
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Figure 17: The front side of each layer of eight-layered adhesive targets
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Figure 18: The exit side of each layer of eight-layered adhesive targets

Failure modes of the spaced targets are illustrated in Figs. 9–12. For the eight-layered spaced targets, various failure modes, including DHF, petal formation, stretching, and bending, can be observed in Figs. 9 and 10. The evidence of DHF is the smooth hole surface observed in the Nos. 3, 4, 6, 7 layers in Fig. 10. Stretching and bending were also observed in Nos. 2, 3, 4, 6, 8 layers of the targets shown in Fig. 9. Note that photographs of Nos. 5 and 7 layers are not presented in Fig. 9 since their failure modes are similar to Nos. 4, 6, 8 layers. It is worthwhile to mention that petals with various shapes were observed in each layer of targets (Figs. 9 and 10). In Figs. 11 and 12, similar failure modes were observed for four-layered spaced targets and thus are not discussed in detail here.

For the contacted targets, similar pattern of failure modes was observed in Figs. 13–16 compared to the spaced targets (Figs. 9–12), but the petal formation was less severe in contacted targets. Moreover, as observed in Figs. 15 and 16, projectiles were fractured during perforating four-layered contacted targets, and projectile debris were arrested by the third layer of C4-1 target and the fourth layer of C4-2 target.

The failure modes of the adhesive targets are shown in Figs. 17–19 in which projectiles debris were arrested by the perforated targets. The projectiles were fractured into two pieces by the four-layered contacted targets (see Figs. 15 and 16), but, for the eight-layered adhesive case (see Fig. 20), projectiles were fragmented into several pieces. In the perforated eight-layered adhesive targets, debonding between layers was observed shown in Fig. 21. For the perforated eight-layered adhesive target, a fractured spherical piece of epoxy resin (see Fig. 22a), with a diameter of about 150 mm, was separated from the adjacent metal layers and was collected after the impact test. For the four-layered adhesive targets, the failure mode was different from those for the eight-layered adhesive case as follows. Firstly, projectiles were fractured during perforating both the eight-layered targets (see Figs. 17 and 18), but among the four-layered targets, the projectile perforating the A4-1 target was fractured and the one perforating the A4-2 target remained intact (see Fig. 19). Secondly, all metallic plates were separated in the four-layered targets after perforation (see Fig. 23) which was not the case for the eight-layered targets. Thirdly, a spherical region, with a diameter of about 30∼60 mm, of each adhesive layer in the A4-1 and A4-2 targets was crushed (see Fig. 22b) resulting in massive micro radial cracks, while the rest region remained bonded (see Nos. 1–2 of A4-1 and No. 1 of A4-2 in Fig. 19).
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Figure 19: The exit side of each layer of the four-layered adhesive targets
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Figure 20: The fractured projectiles after perforating the eight-layered adhesive targets: (a) A8-1, (b) A8-2
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Figure 21: Failure mode of the eight-layered adhesive targets
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Figure 22: The failure modes of epoxy layers in the adhesive targets with (a) eight layers, (b) four layers
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Figure 23: The failure modes of (a) spaced, (b) contacted, (c) and (d) adhesive targets with four layers

3  Numerical Simulations

3.1 Numerical Model

In the previous section, ballistic performance of several monolithic and layered metallic targets has been tested and the failure mode of each target has been discussed based on experimental results. However, in such high velocity impact tests, the penetration process can hardly be observed in detail which has hindered deeper understanding on the ballistic resistance mechanism of monolithic and layered targets. To overcome this restriction, numerical modeling has been employed to simulate the ballistic tests providing more information about the deformation and failure mechanisms of both targets and projectiles during penetration.

In this work, simulations of ballistic tests have been carried out using the commercial software LS-DYNA. Note that the thickness of tested targets was slightly different according to Table 1. Thus, target models were built using the real thickness to ensure the reliability of simulations. The size of all target models is summarized in Table 3. Based on symmetric consideration, only a quarter of the projectile-target model was built for each case to increase the computational efficiency. The distance between targets and witness was not considered in the numerical models for simplicity. Instead, projectile-target models and projectile-witness models were built separately. Projectile-target models were used firstly to determine the residual velocity of projectiles after perforation, and then projectile-witness models were used to determine the residual penetration depth.
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As shown in Figs. 24 and 25, three-dimensional projectile-target models were built and discretized using finite elements and smoothed-particle hydrodynamics (SPH) particles. Since projectiles behave much stiffer than targets, projectile was modeled using eight-node hexahedron element with reduced integration, and hourglass control. 1377 elements were used in the projectile model illustrated in Fig. 24. Since severe localized deformation was experimentally observed in targets’ impacted region, discretizing the severely deformed region using finite elements may lead to large element distortion and unreasonable element erosion during impact simulations. Thus, an impacted zone was defined in the target model and was discretized using SPH particles. To increase computational efficiency, finite elements were used to discretize the non-impacted zone. A convergence study has been conducted determining the space size of SPH as 0.25 mm. The card of CONTACT_TIED_NODES_TO_SURFACE_OFFSET was used to couple the SPH with FEM by defining NODES and SURFACE. Here, the SPH particles near the surface were defined as the NODES, and the FEM surface was defined as SURFACE. An illustrative example of NODES and SURFACE defined in a projectile-target model is shown in Fig. 24. CONTACT_AUTOMATIC_NODES_TO_SURFACE was used to define the projectile-target contact behavior. Fig. 25 shows the assembled numerical models of monolithic, four-layered, and eight-layered targets.
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Figure 24: Illustrative projectile-target model with coupled SPH particles and finite elements
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Figure 25: Illustrative projectile-target models for (a) monolithic, (b) four-layered and (c) eight-layered targets

In this work, the Johnson-Cook (JC) constitutive model was used for both projectiles and targets which is available in LS-DYNA as MATERIAL MODEL 15 [19]. The JC model can be expressed as

σeq=(A+Bεn)(1+Cln⁡ε˙ε˙ref)(1−T∗m)(4)


where σeq is the equivalent stress, ε and ε˙ are respectively the equivalent plastic strain and strain rate, ε˙ref is the reference strain rate, and T∗ is a normalized temperature.

The JC parameters of 12.7-mm AP projectiles, adopted from literature [1], and the parameters of 316L steel and 603 steel, calibrated from Split Hopkinson Pressure Bar (SHPB) tests, were given in Table 4. The reference strain rate for 316L steel and 603 steel was taken as 2088 s−1 and 1842 s−1.
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The Cowper-Symonds [20] equation was employed to define the constitutive behavior of epoxy resin reads,

σya=(Ya0+Etanεpax)(1+(ε˙paC)1p)(5)


where σya is the elastic limit, εpa is the plastic strain, ε˙pa is the velocity of plastic strain, and Ya0, Etan, x, C and p are material parameters given in Table 5. The elastic modulus of epoxy resin was taken as 2 GPa [21].
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Note that, for the impacted zone of targets, the failure strain was specified as 2.0 which has been verified as effective to prevent unreasonable erosion of SPH particles during penetration simulations. To validate the numerical model, numerical results of penetration simulations on the 60-mm monolithic steel targets have been compared with the experimental results and a good agreement was observed (see Fig. 26).
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Figure 26: Experimental and numerical failure mode for (a) 316L steel and (b) 603 steel targets

In this work, the maximum height of deformation h is defined to measure the deformation of impacted targets as shown in Fig. 27. Experimentally and numerically obtained maximum height of deformation, hexp and hnum, as well as error herr=(hnum−hexp)/hexp are summarized and compared for all tested targets in Table 6. For most cases, the error herr is less than 20% indicating that the numerical modeling is reliable.
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Figure 27: Experimental parameters to describe the target deformation
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However, the experimental and numerical residual depth of penetration in the witness block is inconsistent as summarized in Fig. 28. The residual depth of penetration of M40 is taken as a reference, marked by dashed lines in Fig. 28. Compared to experimental results, numerically-obtained residual depth was lower for 40-mm monolithic targets and higher for most multi-layered targets. Furthermore, it was observed in experiments that residual depth of some multi-layered targets, i.e., C4, A4 and A8, were lower than monolithic target M40, but, in numerical results, residual depth of multi-layered targets was always higher than monolithic case.

[image: images]

Figure 28: Comparison on residual penetration depth between experiments and simulations

3.2 Modeling of Petals

In numerical simulations, petal-shape failure mode and friction were not considered which might be the reason for the mismatch between experimental and numerical results. In experiments (see Fig. 8e), petals were observed on the exit side of M40, which cannot be modeled by using the failure criterion with only constant failure strain in the impacted zone. To simulate petal formation, a potential crack zone was defined on the exit side of metallic plates (see Fig. 29), in which additional failure criterion needed to be applied. According to the experiment results in Fig. 8e, the thickness of the potential crack zone (labeled as h in Fig. 29a) has been prescribed as 5 mm for M40 and 2.5 mm for each layer of the multi-layered targets. Note that the potential crack zone was defined in each layer of the multi-layered targets, since petals have been experimentally observed in most layers of perforated targets as shown in Figs. 9–19. It is worth mentioning that petal formation in numerical simulations depended strongly on the failure criterion used in the potential crack zone. In this study, the JC damage model was used for simulation. In this model, the failure strain is defined as

εf=[D1+D2exp⁡(D3σ∗)](1+D4ln⁡ε˙ε˙ref)(1+D5T∗)(6)

where D1∼D5 are damage parameters, and σ∗ is the stress triaxiality, ε˙ and ε˙ref are respectively the equivalent plastic strain rate and the reference strain rate, and T∗ is a normalized temperature. Failure occurs when the damage parameter

D=∑Δε¯pεf(7)


reaches the value of 1. However, it is difficult to calibrate the damage parameters of 316L steel in experiments, since the failure behavior is influenced by many factors, such as stress triaxiality, strain rate, temperature, etc.
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Figure 29: Illustration on (a) definition and (b) bottom view of the potential crack zone

Since petals have been observed in experiments indicating the importance of fracture in targets’ failure mechanism, potential crack zone was defined to simulate petal formation. Within the potential crack zone, D1 was set as a fixed value and D2∼D5 were set as zero. Substituting the parameters into Eq. (6), the JC damage model is simplified into a failure strain criterion, and an element or a particle is considered as defected when its strain reaches the failure strain. In this work, the failure strain was prescribed as 0.2. By using such configuration, the petal-shape failure mode has been modeled for both the monolithic and multi-layered targets with well agreement to experimental observations. Petal-shape failure modes observed experimentally and numerically are compared in Fig. 30 for both the monolithic and layered targets. Note that, the failure criterion introduced above has not been validated in this work since the goal was to qualitatively study the influence of petal-shape failure mode on targets’ ballistic performance. A quantitative study on petal formation may require a more comprehensive numerical method to simulate the whole process of crack growth, such as the meshfree method proposed by Ren et al. [22].
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Figure 30: Comparison between illustrative example of experimental and numerical petal-shape failure modes of (a) front surface of M40, (b) the eighth layer of S8, (c) the eighth layer of A8

To study the influence of petal-shape failure mode and friction, numerical results are compared to the experimental results as summarized in Table 7. For the numerical results without friction, the residual penetration depth was remarkably larger when petals were considered. It indicates that the ballistic performance of both the monolithic and layered targets was weakened if petals were formed during penetration. The numerically-obtained residual depth for M40 was lower compared to experimental value as shown in Fig. 28, and the mismatch can also be explained by the lack of petal formation in numerical simulations. On the other hand, for the numerical results without petals, the residual penetration depth was smaller when friction was considered μ=0.01. It indicates that the ballistic performance was strengthened due to the effect of friction. Because friction was not considered for in the simulations of C4, C8, A4, the residual penetration depth was much higher than the experimental results (see Fig. 28). Although the numerical results of A8, S4, S8 were close to the experimental result shown in Fig. 28, we considered such agreement as a coincidence as, in the simulations, the weaken effect due to the absent of friction may have been compensated by the strengthen effect due to the absent of petal formation.

Note that in Table 7, Pexp and Pnum are the residual penetration depth obtained from experiments and simulations. The residual velocity and friction coefficient are denoted as Vr and μ.
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Fig. 31 shows the change of projectiles’ kinetic energy with respect to time obtained from simulations. It can be observed that the projectiles’ kinetic energy was always dissipated faster when petal formation was considered. On the other hand, the projectiles’ kinetic energy was always dissipated faster when friction was considered. Thus, one can conclude that both petal formation and friction contribute on dissipating projectiles’ kinetic energy during the perforation process.

[image: images][image: images]

Figure 31: The curves of projectiles’ kinetic energy obtained from penetration simulations of targets with different configurations

Figs. 32 and 33 show the illustrative example of damage morphology for two different failure modes. As shown in Fig. 31, damage occurred locally near the projectile-target contact surface if the failure mode was dominated by DHF. In contrast, as shown in Fig. 31, damage appeared radially on the back of the target and the damage zone was enlarged gradually during the penetration when the failure mode was dominated by petal formation.
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Figure 32: Damage morphology for the failure mode dominated by ductile hole formation
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Figure 33: Damage morphology for the failure mode dominated by petal formation

Fig. 34 shows the stress-triaxiality field during the perforation of targets with various configurations obtained numerically. It was observed that the stress-triaxiality varied significantly with respect to target configurations and failure modes.
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Figure 34: The stress-triaxiality during the perforation of different targets

3.3 Consideration of Friction

As summarized in Table 7, the numerically-obtained residual penetration depth of C4 was 11.8 mm without considering petals, which was about 30% higher than the experimental value 8.05 mm. Since petals were observed in tested C4 targets (see Fig. 16), it's more reasonable to consider petals in numerical simulations by defining the potential crack zone as shown in Fig. 29. As summarized in Table 7, the consideration of petals resulted in significant increase on the numerical residual depth (from 11.8 to 15.2 mm), and the difference between numerical and experimental residual depth increased to 89%. Additionally, it was observed in experiments that the multi-layered contacted targets C4 and C8 exhibited better ballistic performance than monolithic targets M40, but this trend was reversed in numerical simulations that M40 was better than C4 and C8.

Friction may be one of the reasons for the inconsistence between experimental and numerical results. Without considering petals, the influence of friction has been studied numerically by means of penetration simulations with different projectile-target friction behavior (μ=0.01 and μ=0), as summarized in Table 7. The residual penetration depth was significantly smaller for the friction case (μ=0.01).

The difference on projectiles’ kinematic energy dissipated by friction during penetration has been evaluated by the incremental rate of dissipated energy as

efric=(Eμ=0.01−Eμ=0)/E0×100%(8)


where E0 is projectiles’ initial kinetic energy, Eμ=0.01 and Eμ=0 represent the dissipated energy obtained from penetration simulations for the friction (μ=0.01) and frictionless (μ=0) cases, respectively. The incremental rate of dissipated energy has been summarized in Table 8 for all target configurations considered in this work, and one can conclude that friction played more important role in the multi-layered targets than in the monolithic ones. Thus, thorough study on projectile-target friction is of great importance for better understanding of the ballistic resistance mechanism of multi-layered targets, which will be discussed in detail in the following section.

[image: images]

4  Discussion

4.1 Effect of Friction

In previous section, friction has been numerically proved to be more important in multi-layered targets than in monolithic ones. Since similar friction coefficient has been used in simulations, the reason why friction has different effect on the ballistic resistance of multi-layered and monolithic targets might be related to the pressure acting on the projectile-target contact surface. Taken the 40-mm monolithic targets M40 and the four-layered contacted targets C4 as examples, in both cases the pressure was recorded for the same arbitrarily-chosen node on projectile surface (see Fig. 35), and it was observed that the pressure in the C4 case is higher than in the M40 case.

[image: images]

Figure 35: The pressure acting on projectile surface during penetrating M40 and C4

Since different deformation modes were observed in the perforated M40 and C4 targets (see Figs. 8e and 23b), the deformation modes were studied numerically to explain the different pressure on projectile surface for the M40 and C4 cases. For this purpose, x-displacement of nodes marked in Figs. 36a and 36c was plotted with respect to time in Figs. 36b and 36d.

[image: images]

Figure 36: x-displacement verse time curves for marked nodes with (a--b) for M40 and (c--d) for C4

For the M40 case, the nodes marked in Fig. 36a moved in the x+ direction until the maximum value was reached (see Fig. 36b). Since the failure mode of M40 is dominated by DHF as discussed in Section 2.4, the bullet hole was formed mainly due to plastic deformation and the diameter was almost unchanged after perforation. However, for the C4 case, x-displacement of the nodes marked in Fig. 36c increased firstly and decreased after reaching the maximum value according to Fig. 36d. It means the C4 targets behaved more elastically and the recovery of elastic deformation leaded to the decrease in the diameter of bullet hole. It was not the case for the M40 targets which deformed mainly plastically. According to the different deformation modes, one can conclude that pressure acting on the projectile-target interface is higher for the C4 case, and thus friction plays a more important role.

The projectiles collected after perforating M40 and C4 were shown in Fig. 37. It was observed that the projectile surface in Fig. 37b for C4 was rougher than that in Fig. 37a for M40, which also indicated that friction played more important role in the C4 case. Note that the friction coefficient varies during the penetration process [23], but, for simplicity, a constant value has been used in this work, since we mainly aimed at a qualitative study on the influence of friction on targets’ ballistic performance.

[image: images]

Figure 37: (a) Smooth projectile surface for M40, (b) coarse projectile surface for C4

To the authors’ knowledge, friction has been considered as significant only at an impact velocity closed to the ballistic limit velocity in existing research [15,23–28]. In contrast to the common understanding, it has been proved in this work that friction is also significant for four-layered contacted and adhesive targets impacted by projectiles at a velocity (820 m/s) much higher than the ballistic limit. This new finding provides useful information to understand the ballistic resistance mechanism of multi-layered metallic targets.

4.2 Effect of Interlayer Connection Type

For the multi-layered targets tested in this work, it is straightforward to come up with the idea that the interlayer connection should has influence on ballistic performance. As discussed above, targets exhibit weaker ballistic performance if petals are formed during perforation. Since petals are induced because of cracks on the exit side of metallic layers, the correlation between the types of interlayer connection and the number of cracks observed in experiments has been studied. As summarized in Table 9, the use of contacted and adhesive connection leaded to less cracks as well as smaller residual penetration depth in both four- and eight-layered targets. This is because, for these two types of connection, the deformation of perforated layers is restricted due to the strong support provided by residual layers. In contrast, for the spaced targets, perforated layers are easier to deform due to the lack of interlayer support, which results in more cracks in failure mode and weaker ballistic performance (see Table 9). This finding agrees with the discussion in Section 3.2 that targets’ ballistic resistance is weakened if petal formation is considered and more petals results in poorer ballistic performance.

[image: images]

To explore the mechanism how ballistic performance is influenced by petal formation, pressure between projectiles and targets, numerically obtained at the same node of projectile surface, is compared in Fig. 38 for the C4 model with/without petals and the S4 model with petals. The pressure obtained in the C4 model without petals was much higher than in the C4 model with petals. It can be concluded based on Fig. 38 that petal formation results in lower projectile-target pressure. Since friction is related to pressure, it can also be concluded that petal formation results in lower friction and consequently weaker ballistic performance. Note that not much petals were observed in the perforated C4 targets in experiments, thus it is more reasonable to compare results from the C4 model without petal and the S4 model with petals. According to Fig. 38, it is obvious that the pressure acting the C4 model with petal is much higher than the S84 case, so one can conclude that the improvement of ballistic performance due to friction is more significant for C4 targets compared to S4 targets.

[image: images]

Figure 38: The pressure acting on the projectile surface for C4 and S4

Among the four-layered targets, the least petals were observed in the C4 targets, and it can be inferred that the friction plays more important role in this case according to above discussion. This speculation is supported by the experimental observation that the projectiles was stuck in the C4 targets as shown in Figs. 15 and 16. Similar results were also observed in the perforated adhesive targets. Considering the two tested targets for A4, though similar configuration was used, less cracks were observed in A4-1 than in A4-2 (see Fig. 24), and thus stronger friction is inferred in A4-1. This speculation is also proved by experimental observation that the projectile was stuck in A4-1 and it was not the case for A4-2.

Taken the C4 targets, which is the best configuration studied in this work, as an example, the contribution of friction has been studied numerically. In experiments, projectiles were fractured during perforating the C4 targets, and a debris, stuck in a C4 target shown in Fig. 39, had a length of 20.1 mm and a weight of 7.3 g. To calculate the residual velocity of the debris after perforating the target, simulations were conducted in which the witness was impacted by either an intact projectile or a projectile debris with a length of 20.1 mm at various initial velocities. Fig. 40 demonstrates a linear relationship between the initial impact velocity V0 and the penetration depth in witness Pr for both intact projectile and debris cases. The linear relationship can be fitted by the equation Pr=k⋅V0+P0 using parameters in Table 10.

[image: images]

Figure 39: Comparison between the fractured projectile and the intact projectile

[image: images]

Figure 40: The penetration depth vs. the impact velocity for projectile-witness simulations

[image: images]

Based on the lines in Fig. 40, the residual velocity Vr of projectile debris after perforating the M40 and C4 targets can be determined when the numerical residual penetration depth Pr is equal to experimental value Pexp. Relevant results are summarized in Table 11. In the C4 case, the residual velocity of projectile debris has been determined as 356 m/s. By comparing this residual velocity with the value obtained from the projectile-target impact simulation with petal and μ=0 (see Table 7), the friction dissipated about 14% of the projectile's initial kinetic energy. Note that, though the residual velocity of projectile debris in the C4 case was higher than in the M40 case, the debris has less weight in the former case than the latter. Thus, compared to M40, C4 exhibits better ballistic performance and the efficiency factor of C4 is about 20% higher.

[image: images]

In Table 11, Lpro is the length of projectile. Mpro is the mass of projectile. Pexp is the residual penetration depth. Vr is the projectiles’ residual velocity after perforating targets. In the impact simulation of witness, the initial velocity of projectile debris V0 is equal to Vr.

4.3 Effect of the Layer Number

Beside the types of interlayer connection, the number of layers may also influence the ballistic performance of multi-layered targets. In experiments, petals were observed in each layer of perforated targets, and thus the increase in number of layers resulted in more plates where petals can be induced. In Fig. 41, the number of cracks observed in tested targets is summarized with respect to number of layers. For each type of connection, more cracks were observed in the eight-layered targets than in the four-layered ones, and the most significant difference was observed among the contacted targets is the number of cracks observed in the C8 targets was 340% percent higher than in the C4 targets.

[image: images]

Figure 41: The number of cracks experimentally observed in the perforated targets

Since the total thickness of metallic layers was similar for all target configurations used in this work, more layers leaded to thinner single layer. During perforation, thinner metallic plates are easier to be deformed, and thus cracks are easier to be induced. This conclusion agrees with the experimental observation that larger deformation and more petals were observed in the eight-layered targets than in the four-layered targets. This explained why, with similar total thickness, the targets with more layers exhibited worse ballistic performance.

5  Conclusions

In this work, the ballistic performance of multi-layered and monolithic targets with moderate thickness has been studied experimentally and numerically. The targets were impacted by 12.7-mm AP projectiles at a relatively high velocity (about 820 m/s). Six different considerations have been considered for multi-layered targets, which were spaced, contacted and adhesive targets with four or eight layers. The ballistic efficiency factor has been defined, based on RDOP test results, to evaluate the ballistic performance of the tested targets. Based on the experimental and numerical results obtained in this work, the following conclusions can be drawn:

(1)   Taking monolithic targets as a reference, the use of some multi-layered configurations results in better ballistic performance, i.e., four-/eight-layered contacted/adhesive targets. Among them, a four-layered contacted target is the best configuration in which the efficiency factor is increased by about 20% compared to monolithic targets.

(2)   Projectile-target friction plays an important role in ballistic resistance mechanism of multi-layered targets at an impact velocity (about 820 m/s) much higher than the ballistic limit. Taking the four-layered contacted target as an example, numerical results show that at least 14% of projectiles’ initial kinetic energy is dissipated by friction during perforation.

(3)   The ballistic performance of the moderately-thick multi-layered targets is significantly weakened if petals are induced during perforation. Numerical results show that pressure between projectiles and targets is lower when petals are induced which results in weaker projectile-target friction. This is one reason why petal formation influences ballistic performance, since friction enhances targets’ ballistic resistance as concluded above.

(4)   The interlayer connection significantly influences targets’ ballistic performance. Among four-layered targets, the use of contacted connection results in fewer petals and better ballistic performance, and among eight-layered targets, adhesive connection is the best configuration. Spaced connection is the worst configuration for both four- and eight-layered targets due to the lack of support between layers.

(5)   When the total target thickness is consistent, more layers result in worse ballistic performance, since more layers are involved where petals can be induced. Also, more layers lead to thinner single layers, and thus the layers are easier to deform and petals are easier to be induced.

The above results provide useful information for a better understanding of ballistic resistance mechanism of multi-layered moderately-thick metallic targets against high velocity 12.7 mm AP projectiles, which, to the authors’ knowledge, haven't been thoroughly studied. The outcome helps to fully exploit the potential capacity of such kind of targets and can serve as a valuable reference for armor structural design.
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Table 3: Summary of size of numerical target models

Target type Model size

M60 75mm x 75mm x 60 mm
M40 75mm x 75mm x 40 mm
S8 75mm x 75mm x 39 mm
S4 75mm x 75mm x 39 mm
C8 75mm x 75mm x 38 mm
Cc4 75mm x 75mm x 39 mm
A8 75Smm x 75mm x 46 mm

A4 75mm x 75mm x 40 mm
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Table 4: JC material parameters of projectiles and targets

AIMPa B/MPa C n m
Projectile 3000 50000 0.014 1.0 1.0
316L steel 680 1100 0.0414 0.755 1.0
603 steel 1050 1275 0.052 0.422 1.0
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Table 1: Summary of target configurations

Target label Target configuration Total thickness (mm)
M60-1 Monolithic target 60.0
M60-2 60.0
M40-1 Monolithic target 40.00
M40-2 40.00
S8-1 Eight-layer spaced target 39.00
S8-2 Eight-layer spaced target 39.02
S4-1 Four-layer spaced target 38.86
$4-2 38.90
C8-1 Eight-layer contacted target 37.62
C8-2 38.00
C4-1 Four-layer contacted target 38.88
C4-2 39.08
A8-1 Eight-layer adhesive target 46.36
A8-2

A4-1 Four-layer adhesive target 40.20

A4-2
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Table 2: Summary of penetration depth and efficiency factors

Target label Dy, (mm) Average Dy Ae
M60-1 47.3 46.45+0.85 0.647
M60-2 45.6

Target label Py (mm) Average Py Ae
M40-1 9.4 10.3£0.9 0.470
M40-2 11.2

S8-1 13.1 13.1 0.434
S8-2 Invalid

S4-1 11.5 11.8540.35 0.468
$4-2 122

C8-1 10.2 10.4540.25 0.518
C8-2 10.7

C4-1* 7.1 8.05+£0.95 0.564
C4-2* 9.0

A8-1* 93 10.1£0.8 0.493
AB-2* 10.9

Ad4-1* 8.2 9.95+1.75 0.533

A4-2 11.7





OEBPS/Images/CMES_19188-fig-7.png
Ae

M42 S4 A4 C4 S8 A8 C8
Target configuration





OEBPS/Images/CMES_19188-fig-36.png
L A e
$d 38833

© °

(ww )yudwddedsip-x

|

Time(us)

b)

a)

150

100

AEEVEoEoom_%_v.x

|l

Time(us)

d)

c)





OEBPS/Images/CMES_19188-fig-11.png





OEBPS/Images/CMES_19188-fig-23.png
No.1(S4-1)

No.2 (S4-1)

No.3(S4-1)

No.4 (S4-1)

No.1(C4-1) ’

No.2 (C4-1)

A
No.3 (C4-1)

No.4(C4-1)

No.1(A4-1)

No.2 (A4-1)

No.3 (A4-1)

No.4 (A4-1)

W

No.2 (A4-2)

No.3 (A4-2)

No'4 (A4-2)






OEBPS/Images/CMES_19188-fig-41.png
40

30

Crack number
1]
(=]

[ ] Contacted target
[ ] Adhesive target

[ ISpaced target

Layer number





OEBPS/Images/CMES_19188-fig-6.png
a)

603 steel

t
b) «——>

Test target

603 steel

Witness block

)

Test target





OEBPS/Images/CMES_19188-fig-13.png





OEBPS/Images/CMES_19188-fig-39.png
20.1lmm

Bottom view






OEBPS/Images/CMES_19188-fig-21.png
Bonded layers






OEBPS/Images/table-8.png
Table 8: The incremental rate of energy dissipated by friction for different target configurations

M40 C4 S4 A4 c8 S8 A8
eic  1.2%  7.0%  4.5%  82% 6.0% 5.6% 59%
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Table 9: The number of cracks observed in various types of layered targets after perforation

Target type Number of cracks Pexp (mm)
C4 7 8.05
S4 19 11.85
A4 11 9.95
Cc8 31 1045
S8 36 13.10

A8 19 10.1
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Table 7: Summary of the experimental and numerical residual velocity and penetration depth

Target type  Peyp (mm)

M40 10.3
C4 8.05
S4 11.85
A4 9.95
C8 10.45
S8 13.10
A8 10.1

n=0 n=0.01
Without petals With petals Without petals
Vr(m/s)  Poum (mm)  Vy(m/s)  Ppym (mm)  V,(m/s)  Poym(mm)
96 5.3 333 133 36 33
288 11.8 388 15.2 186 8.34
305 12.4 358 14.2 249 10.5
310 12.5 346 138 200 8.8
352 14.0 466 17.8 287 11.8
365 14.4 463 17.7 308 12,5
224 9.6 342 13.6 98 54
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Table 11: Comparison of M40 and C4
Target Ly (mm) My, (2)

M40 51.6 29.0
C4 20.1 73

Pexp (mm) Vi(m/s) Ae

10.3 244 0.47
8.05 356 0.56
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Table 6: The comparison of plate deformation between the experiment and simulation

Target  Layer number  fiexp (MmM)  fipym (Mm)  Jrerr

M40 ! 7.44 6.9 =17.25%
S8 NO. 1 5.51 4.6 —16.47%
NO. 2 7.64 6.2 —18.84%
NO. 3 7.94 6.8 —14.32%
NO. 4 6.43 7.4 15.11%
NO. 5 7.31 6.2 —15.16%
NO. 6 6.92 8.0 15.56%
NO. 7 8.00 9.6 20.00%
NO. 8 9.29 10.4 12.00%
S4 NO. 1 5.00 4.1 —18.00%
NO. 2 3.81 37 —2.88%
NO. 3 4.55 4.9 7.80%
NO. 4 7.27 8.4 15.50%
C8 NO. 1 3.23 1.1 —65.90%
NO. 2 4.03 1.8 —55.36%
NO. 3 5.00 2.1 —58.00%
NO. 4 6.00 4.9 —18.33%
NO. 5 7.08 6.3 —11.06%
NO. 6 10.91 9.5 —12.92%
NO. 7 10.91 13.5 23.75%
NO. 8 12.93 14.8 14.45%
C4 NO. 1 2.63 1.1 —58.20%
NO. 2 2.86 2.7 —5.50%
NO. 3 4.91 4.6 —6.33%
NO. 4 7.50 7.7 2.67%
A8 NO. 1 ~0 0.05 /
NO. 2 4.44 1.6 —64.00%
NO. 6 7.29 5.6 —23.14%
NO. 7 7.54 7.0 =7.17%
NO. 8 14.00 8.3 —40.71%
A4 NO. 1 5.45 2.0 —63.33%
NO. 2 3.57 3.1 —13.20%
NO. 3 4.50 5.1 13.33%
NO. 4 8.33 8.6 3.20%
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Table 10: The value of k and Py
k(s) Py (mm)

Intact projectile 0.03389 2.04
Broken projectile 0.01697 2.01
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Table 5: Material parameters of epoxy resin [21]
Ya0 (MPa) Evan (MPa) ™ X P
43 16 4000 1 0.189
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