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Abstract

:

In recent years, the interest of the scientific community in perforated plates for ballistic protection has increased. Perforated plates do not represent protection by themselves, rather, they are used in the armour systems of armoured vehicles, in conjunction with base armour, since they are intended to induce bend stresses, where a penetrating core fracture occurs. The fragments are subsequently stopped by base armoured vehicle armour. Although for the first time used several decades ago, perforated plates are found to be attractive even today. The main reason is the combination of very convenient properties. Besides high mass effectiveness, they possess a high multi-impact resistance, since their perforations arrest cracks. Therefore, a relatively wide array of materials is suitable for perforated plate fabrication, ranging from alloy steel to some types of cast iron. Being made of metallic materials, raw material costs are relatively low compared to ceramics or composite materials, making them very attractive for present and future armoured vehicles. Finally, armour system consisting of a perforated plate and base plate at some distance, reduce the effectiveness of both shaped charge jets and act as blast mitigators.
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1. Introduction


Passive armour is aimed to withstand the impact of projectiles (shrapnel, bullets, missiles) and thus to protect represents the most important means of protecting the personnel and vehicle subsystems from enemy fire. There is a wide array of materials and configurations that can effectively be used as passive armour protection, Figure 1 [1,2]. Armour steel and aluminium alloys are structural materials and are usually supplemented by other types of armour, to facilitate a relatively high mass effectiveness. Moreover, typically ceramics, or metal matrix composites, represent a parasitic mass, that stresses the structural steel or aluminium alloy’s body of the vehicle [3,4,5]. Mass effectiveness (Em) is the ratio of the areal density of a reference armour (usually rolled homogenous armour—RHA) to the areal density of experimental armour [6]. Table 1, there are examples of armour materials and descriptive configurations with their thicknesses, areal densities and mass effectiveness.



Perforated plates represent a non-homogenous armour, usually employed as applique, or add-on armour of various armoured vehicles. They appear in predominantly light armoured vehicles, the widest type of armoured vehicles used. The application of non-homogenous vehicle armour dates back to World War II, when the German Schuerzen wire mesh appeared on a number of PzKpfw IV Ausf J [8] medium tanks. Thoma Schuerzen was initially added to provide increased protection against kinetic energy rounds fired from the Soviet 14.5 mm anti-tank rifles, but during its application, it also proved very effective against American M6 Bazooka-shaped charge anti-tank rocket launchers. Furthermore, its most important feature was its lightweight nature. It was approximately three times lighter than the admittedly more common Schuerzen homogenous mild steel spaced plates used on PzKpfw IV Ausf G and H from 1943. Instead of 8 mm mild steel plates in Schuerzen, a lighter mesh, made of 5.5 mm diameter mild steel wires at around 19 mm distance between wire axes was applied in Thoma Schuerzen. The main mechanism in both Schuerzen and Thoma Schuerzen was the induction of yaw in the projectile penetrating core, so base armour can provide full protection [9,10]. A lower stiffness of Thoma Schuerzen compared to Schuerzen was compensated by its non-homogenous structure, more effective in inducing yaw, and particularly, weight savings.



A similar type of non-homogenous armour appeared on Soviet T-34/85 tanks during the Battle of Berlin in 1945. It was in the form of bed frames with 1 mm diameter wire net to offer additional protection against shaped charges of German Panzerfaust recoilless weapons [11]. Panzerfaust used an early generation shaped—charge warhead, just as was the M6 Bazooka and the German Panzerschreck, both very sensitive to increasing stand-off distance. At longer standoff distances, the jet defocuses and even fragments, degrading penetration effectiveness. After World War II, more advanced shaped—charges with higher penetration were developed, so spaced armour began to gain favor, along with different improvised add-on armours to protect from shaped—charges, such as logs, rubber sheets and wire mesh nets used in a number of local wars [3,5,12].



Recently, along with the tendency to use improvised add-on armours, there were attempts to develop wire meshes and fences from commercial off-the-shelf materials [13,14]. Balos et al. [13] have used the disrupting element of the fence made of Ø 5 mm patented wires containing 0.8% carbon (Rp0.2% = 1410 MPa; Rm = 1630 MPa; A = 9.5%). The distance between the wires was 13–13.5 mm, placed in an L-profile frame in zig-zagged (Figure 2) and parallel configurations. Wire fences were mounted in stiff and free-hanging mounting. Base RHA, 460 BHN hard, 13 mm thick was mounted at 400 mm from the mesh. In this study, only the parallel wire arrangement proved ineffective, with the main defeating mechanism being the induction of yaw. Zig-zagged and angled configurations were fully effective, fulfilling the ballistic protection criterion set at stopping all five kinetic energy shots from a Browning M2HB 12.7 mm heavy machinegun. These configurations proved to be superior since the case where the projectile impacts two wires at the same time is completely excluded. A similar effect was observed by Balos et al. [14] where an even simpler and cheaper configuration was successfully applied: Ø 6 mm mild steels wire mesh (Rp0.2% = 260 MPa; Rm = 380 MPa; A = 19%) with 50 mm distance between the wires was used to create a four-layer stepped-up multilayer mesh, with the distance between centers of wires of 16.75 mm. Having essentially a 3D configuration owing to the depth of the setup, a vertical mesh proved to be more effective than if inclined, which is quite opposite to results presented in the previous study [13]. The main reason for such behavior is the inclination itself. In such a setup, some inter-wire distances decrease, while others increase, representing a less effective yaw-inducer. To provide protection in such a configuration, an additional wire mesh layer might have been added, however, this could have only been done at the expense of an increase in weight.




2. Perforated Plates in Armoured Vehicles


One of the most effective light applique armour of the Cold War was the Israeli Toga, used on local modification of the American M113 armour personnel carriers (APC) Zelda-1 in 1972, one of the most widely used vehicles of this class. It consisted of perforated steel plates (~10 mm thick, with ~10 mm perforations with ~15 mm distance between their axes) all around the vehicle. When placed at some distance from the base armour, together with the base aluminium alloy (AA 5083) armour, it provided a significant increase in protection from 7.62 mm × 51 mm to 14.5 mm × 114 mm AP (Armor Piercing) ammunition [1,16]. This type of add-on armour was subsequently deployed for increasing the armour protection of other vehicles as well. Perhaps the most interesting being a range of Israeli heavy armoured personnel carriers (HAPCs) and even main battle tanks (MBTs) Merkava, the heaviest vehicle that uses this type of armour. In addition to this, perforated plates attracted considerable attention in other armed forces as well.



The American P900 type armour, consisted of two 500 BHN perforated plates 6.35 mm thick and appeared in two basic configurations. The first has the distance between perforated plates of 25 mm, with the inner perforated plate mounted at 182 mm distance from the base plate of the Dutch YPR-765 infantry fighting vehicle (IFV), itself a version of M113 APC. Again, in this vehicle, the base plate was AA 5083 aluminium alloy. The second configuration also consisted of two perforated plates placed at 22 mm distance between them, while the inner was mounted at 82 mm from the base aluminium alloy plate (M2/M3 Bradley), of AA 5083 aluminium alloy [17]. Howell et al. [18] successfully applied high manganese and aluminium austenitic steels as a basis for P900 perforated plate armour, effective against 7.62 mm AP ammunition.



United Kingdom has fielded an up-armoured light armoured fighting vehicle (AFV) Scimitar with perforated plates more similar in appearance to Toga [10]. Finally, there are indications that perforated plates were used in the Canadian version of the Leopard C2 main battle tanks (MBT). These perforated plates were coated in rubber and placed at turret sides. They were probably aimed at protecting the vehicle against 30 mm autocannon, due to a thicker base armour [10]. Although single or double perforated plates are the best known, an alternative approach was proposed in the patent by Auyer et al. [19]. In accordance with this patent, perforated plates with triangular holes were presented. Two such perforated plates were proposed to be mounted within the armour protection package in such a way, that hole patterns are offset in respect to each other. This was done so as to prevent straight-line penetration and facilitate the induction of asymmetric loading of the penetrating core of the projectile.



More specific data on perforated plate material was shared in [7,20]. It was claimed that M113 was being fitted with perforated plates made of MARS 300 ultra-high hardness steel, having the hardness of 578–655 BHN and relatively low Charpy impact strength at −40 °C of over 8 J. Although highly effective against 14.5 mm × 114 mm AP ammunition, the chemical composition with ≤0.55%C, ≤0.002%S, ≤0.01%P, ≤0.7%Mn, ≤1%Si, 2.4%Ni, ≤0.0.4%Cr and ≤0.5%Mo, provide carbon equivalent of CE ≤ 0.83 [21]. That means the welds are susceptible to cold cracking, rendering the overall weldability relatively low, suggesting bolting is the most convenient joining method. When combined with an aluminium alloy hull, inherent difficulties of joining steel and aluminium alloy due to the formation of intermetallic compounds (FeAl, Fe3Al, Fe2Al3, FeAl2, Fe2Al5, FeAl3, FeAl6) make the welding difficult in any case [22,23,24,25]. However, as ultra-high-strength steels prevail over aluminium alloys in today’s armoured vehicles, perforated plates are made of weldable high-hardness steels (500–550 BHN) but with a lower carbon content, also used for base armour, might be a more effective option.




3. Basic Principle


The study by Chocron et al. [26] proved the basic principles of perforated plates, by applying the three-dimensional numerical simulations with the AUTODYN-3D code (Ansys, Canonsburg, PA, USA). It was determined that 7.62 mm × 51 mm M2 armour-piercing (AP) round, when impacting the edge of the plate undergoes bending, Figure 3. It was found that 2% tensile strain is needed, representing a threshold over which the penetrating core of the projectile fractures. The penetrating core fracture is essential for a considerable reduction in penetration since the base plate can stop these fragments without significant damage. It must be noted that the penetrating core used in this test possessed a very high hardness of 62 HRC, which was necessary to provide sufficient penetration, however, that also means its ductility is relatively low, so even 2% strain is sufficient to fracture it. This relatively high hardness is characteristic of all AP, armour-piercing incendiary (API), armour-piercing tracer (APT) and armour-piercing incendiary tracer (APIT) penetrating cores of different ammunitions of different calibers. It was determined that the overlap threshold h/R is 0.34. Overlap threshold is important for correct geometry determination of the perforated plate: h—overlap between the penetrating core and the plate; R—radius of the penetrating core. In higher h/R values, no core fracture occurred, which means the induction of bend stress was not sufficient, since the projectile impacted the edge of the plate further away from the projectile point, that is, closer to the projectile cylindrical section. Numerical simulations done by Mubashar et al. [27] proved that the perforated plate causes the shattering of the projectile penetrating core into multiple fragments which were unable to penetrate the base armour plate. Furthermore, simulations done by Chocron et al. [26] proved that the induced strain increases with plate thickness. Computational data suggest that a strain of at least 2% is needed to cause the penetrating core fracture. In the case of 7.62 mm × 51 mm M2 AP ammunition used in the experimental part of this work, 3.175 mm perforated plate (Rp = 1400 MPa) is sufficient to effectively fracture penetrating core, which induces 2.5% strain, Figure 4. Aluminium alloy perforated plates were also tested (Rp = 380 MPa, 6.35 mm thick), which were not able to fracture the penetrating core, since the strain imparted to the penetrating core is slightly less than 2%. That means, either a stronger aluminium alloy is recommended, or a thicker perforated plate. The application of aluminium alloy perforated plate has merits, since its density is almost three times lower than that of steel [28], which, together with approximately twice the thickness theoretically needed to fracture the penetrating core, could result in significant savings in weight. Nevertheless, this remains to be addressed and ultimately experimentally proved. Furthermore, the joining of aluminium alloy to the steel vehicle hull would arise by bolting anyway, as is done traditionally with steel perforated plates. The main reason for this is the difficulties of aluminium alloy to ferrous alloys dissimilar welding, due to inherent difficulties of welding of high strength aluminium alloys themselves and the formation of Fe-Al intermetallics that severely degrade mechanical properties of welds, especially ductility [29,30,31].




4. Perforated Plate Geometry and Materials


The works of Balos et al. [32] and Radisavljevic et al. [33] represented continuous development efforts to optimize the material, geometry and mounting of perforated plates, in order to increase mass efficiency and multi-hit resistance of the perforated plate and armour system as well. Along with the performance of a particular perforated plate in terms of ballistic resistance, a number of interconnected holes and damaged areas were reported. The number of perforated plates and damaged areas was used to describe the multi-hit resistance, a significant advantage over less effective armour types in this respect, such as various types of RHA, and conventional ceramic tiles in particular [34,35,36] The base plate was 13 mm RHA, having a hardness of 460 BHN, while test ammunition was 12.7 mm × 99 mm M8 API. It was found that a perforation diameter lower than Ø 9 mm and thicknesses under 6 mm, proved ineffective in both inducing sufficient bed stresses to cause penetrating core fracture and preventing the API ammunition to penetrate base armour. On the other hand, these studies [33,37] have shown that larger perforations are more effective, due to a more potent bend stress induction potential.



The depiction of various successful geometries is shown in Table 2. The main criterion for full ballistic protection was that no projectile penetrated the basic RHA plate (zero penetration criteria). Larger perforations (Ø 11 mm) resulted in a more effective fragmentation of the penetrating core: Ø 9 and 10 mm perforations resulted in fragmentation of the penetrating core into maximal five fragments, while perforations of Ø 11 mm caused the fracture of into maximal six parts, with a less severe base armour plate damage. That means, to achieve protection from a larger number of smaller fragments, a thinner and lighter base plate could be used, lowering the weight, and therefore, the areal density of the armour system. In addition to perforated plates made of different types of steels, the results depicting the geometry and effectiveness of heat-treated austempered ductile iron (ADI) and austempered compacted graphite iron (ACGI) perforated plates are also shown in Table 2, extracted from studies by Balos et al. [37,38]. Typical perforated plate and base plate damage (core fracture in two pieces) are given in Figure 5.



The average number of interconnected perforations in steel specimens drops as the perforations become larger for the same material (H9-6-0, H10-6-0, H11-6-0). However, a quite opposite trend can be observed in terms of the damaged areas. The main reason is the fact that perforations are larger, so that the damaged area increases. The average number of interconnected perforations is higher in cast irons (ADI-275, ACGI-275), but the main drawback is the damaged area which is significantly larger, potentially leaving larger unprotected areas that may not cause any interaction with the subsequently fired incoming projectile, which would most likely penetrate the base armour.



Higher mass effectiveness in perforated plates with larger perforations results in a smaller number of interconnected perforations, but on the other hand, the damaged area is larger, Table 2. It can be seen that cast irons (ADI and ACGI) represent an interesting alternative to steels, due to their relatively high tensile strength and a lower density. Considerably lower elongation, which represents the measure of the material’s ductility, does not affect these perforated plates’ mass effectiveness but lowers the perforated plate multi-impact properties. It must be noted that ADI-275 and ACGI-275 targets were not made of a single plate, but rather of several smaller (210 mm × 130 mm) plates bolted together, Figure 6. This was done due to the salt bath size available for specimen heat treatment. Areal density and mass effectiveness data for ADI-275 and ACGI-275 given in Table 2 do not take into account joining bolts and plates.



The particular design of perforated plates overcomes the problem in ductility, providing significant mass effectiveness, since the crack propagates to the nearest perforation, where it is stopped from further propagation. Typical damage in differently heat-treated ADI materials is shown in Figure 7. It can be seen that intensive cracking and no plastic deformation occur in ADI-275 material, which is in contrast to the softer and more ductile ADI-400 material. In spite of that, the results suggest that a softer and more ductile ADI-400 does not offer sufficient induction of bend stresses in the projectile penetrating core to cause its fracture or sufficient yaw to prevent it from penetrating the base armour. A lower density of ADI and ACGI materials was certainly beneficial since it enabled the increase in the thickness of cast iron perforated plates further adding to their bend stress induction potential and effectiveness. Probably the most significant advantage of cast materials such as ADI and ACGI is a relatively low cost compared to steel perforated plates, both in the simplicity of manufacture of the material itself and perforation fabrication. Namely, the fabrication by drilling of already heat-treated steels, particularly armour steels is very difficult, so a more expensive waterjet is usually applied. The logistics required for the manufacture of rolled steels is more significant than casting iron and steel [38,39].



Another approach is to apply a cheaper and quicker alternative to the waterjet process of perforated plate fabrication [40]. In this work, armour steel was subjected to a laser cutting process with three cutting speeds, 1000, 1200 and 1400 mm/min, with a respective number of perforations drilled: 80, 100 and 120 min−1. In this study, 4.2 kW laser was used, with 40% oxygen 60% nitrogen cutting gas and 2 mm beam diameter. As the cutting speed was higher, the heat-affected zone was narrower, perforation surface roughness was lower and the perforation edge was less perpendicular to the plate surface. The optimal laser cutting speed was 1200 mm/min, providing intermediate properties.



All previous studies used API ammunition, which possesses the incendiary mixture between the jacket and penetrating core. This effectively ignites the fuel inside of an aircraft or a vehicle. However, although these temperatures are well within the transformation range for materials used (tempering 200–450 °C), no phase transformations were detected in the perforated plate due to a very short time of perforated plate exposure [41].




5. Finite Modelling and Ballistic Testing


The majority of studies tested circular perforations, which are the most convenient for machining—drilling. However, in the case of an alternative fabrication method, such as waterjet, the perforation shape can easily be altered. In studies by Fras et al. [42,43], slotted-type perforations of 4 mm × 12 mm size were used, Figure 4 and Figure 5. Perforated plates were made of super-bainitic Ultra-High Hardness Perforated Armour Steel Pavise™ (Tata Steel, Mumbai, Maharashtra, India) SBS600P steel, 600–670 BHN, 4 mm thick, while the basic plate was 8 mm MARS 190 400 BHN plate. The projectile was 7.62 mm × 51 mm with a hardened steel core and impact velocity of around 820 m/s. Various impact points were tested and numerically simulated by means of LS-DYNA Johnson–Cook flow and fracture models. The two least convenient impacts were in an area between perforations (Figure 8) and in the center of the perforation (Figure 9). Although less effective compared to edge impact, where intensive core fracture was observed, in these cases, projectile deviation from its initial trajectory is the main defeat mechanism. Even if the tip was not damaged, the side impact did not penetrate the base armour, which is similar to the results obtained with wire meshes, as published in [15].



Kilic et al. [44,45] correlated the finite-element method using LS-Dyna with Lagrange discretization for experimental evaluation of perforated plates. Several penetrating core-defeating mechanisms were identified: asymmetric forces causing the projectile to deviate from incident trajectory (yaw), penetrating core fracture and penetrating core nose erosion. Various cases where the projectile impacts different places of the perforated plates are shown in Figure 10. It can be noted that the most likely impact is shown in Figure 10b. Cases in which the projectile impacts the perforation center and the geometrical center between three perforations result in penetration of the base plate since no lateral forces and stress induction occurs. However, these cases are extremely rare due to a low probability of such impact at this spot and because shooting at exactly 90° to the hull—a perfect defilade shot. These results are confirmed with experimental research, by applying 7.62 mm × 54R mm ammunition, 6 mm perforated plate and 9 mm base plate, 500 BHN hard. It was found that after passing through the perforated plate, the impact into the base plate resulted in an indentation depth of only 1.8 mm, confirming that the base plate thickness could have been considerably lower than the one used. Furthermore, such damage is considerably lower compared to the damage of a single 15 mm 500 BHN armour plate that was used as a reference. There were no traces of sharp intrusion into the base plate, meaning that a yawed impact was present, or the nose of the projectile was eroded or fractured. It can be deduced, that for mass effectiveness reduction, a thinner perforated plate than 6 mm could have been applied, since, in previously presented studies, the 6 mm perforated plate was found to be effective against a much more potent 12.7 mm × 99 mm or 12.7 mm × 108 mm ammunition types, with roughly four times higher kinetic energy. If correlated to the work by Chocron et al. [26], who used 7.62 mm × 51 mm, similar in kinetic energy to 7.62 mm × 54R mm used by Kilic et al. [44,45], it can be deduced that 3–4 mm perforated plate might be sufficient for penetrating core fracture.



Mishra et al. [46,47] ballistically tested quenched and tempered steels (200–600 °C), along with the perforated plate placed on top of the 7017 aluminium alloy, Figure 11. It was found that the adiabatic shear band (ASB) induced cracking occurs in tested steels tempered at 400 °C or below. In perforated plate steel, however, ASB-induced crack formation can be partially inhibited due to the presence of perforations, (Figure 12 and Figure 13). This makes the perforated plate material more resistant to multiple impacts compared to homogenous steel. Placing the perforated plate on top of the base aluminium alloy (without spacing) has considerable merit since the distance between the base plate and perforated plate inevitably increases the vehicle footprint, which might limit the number of vehicles transported by ships or even limit and prevent the vehicle transportability by certain types of transport aircraft or limit the vehicle to wider streets.



Square and circular perforations were made (2, 4 and 6 mm) into 5 mm heat-treated chromium-nickel steel. The base plate was 60 mm thick and also acted as a witness plate to measure residual penetration, which was used as a measure of mass effectiveness of the perforated plate. It was shown that the highest mass efficiency was achieved by the largest perforations, which were the closest in size to the diameter of 7.62 mm × 51 mm penetrating core used in the test, confirming the results from Radisavljevic et al. [33]. A very important result was that 2 mm perforations did not result in any penetrating core fractures. Very slight differences between perforation sizes existed: 6 mm square shape proved superior compared to 4 mm size, suggesting that the perforation shape should be selected based on the manufacturing method. Interestingly, the damage of perforated plate with square and circular perforations is similar, note white squares in Figure 14. This indicates that stress concentration in the edges of the square perforations does not have a crucial influence on perforated plate damage. Admittedly, in this work, an unusual perforation fabrication method was used, electric discharge machining (EDM) which is both slow and expensive, and therefore, difficult to apply to large-scale industrial manufacturing conditions. It is difficult to compare these results to the results of Balos et al. [37], Radisavljevic et al. [33] and Kilic et al. [44] since the lack of spacing between perforated plates and basic plates might reduce the effectiveness of the armour system. Therefore, it is possible that a 5-mm perforated plate can be essential for achieving a sufficient protection level since the lack of spacing might stabilize the tip of the projectile, prevent its lateral movement and make the fracture of the penetrating core more difficult. This certainly is an attractive field where further work is needed to be done.



Another interesting material that can be applied for perforated plates is the nanostructured bainitic steel published in the work by Burian et al. [48]. This material, having the chemical composition of 0.55C–2.0Mn–1.8Si–1.37Cr–0.7Mo–0.11 V (wt.%); was hot forged and rolled into plates. Subsequently, austenitization was performed, followed by controlled cooling to isothermal transformation at 210 °C for 2 h. This resulted in obtaining the following mechanical properties: Re = 1300 MPa; Rm = 2050 MPa; A = 12%, while the hardness was 640 VHN. The perforated plate 6 mm thick was effective against 7.62 mm × 54R mm B-32 API ammunition with steel core so that a very intensive fragmentation occurred. It was shown that the penetrating core fractured into up to eight fragments, demanding a relatively thin basic plate to completely prevent penetration. At the same time, an excellent correlation between finite element modeling and ballistic testing results was obtained, Figure 15.



The application of amorphous alloy reinforced perforated armor (ARPA) was suggested by Cui et al. [49]. The main advantage of the amorphous component with random atomic arrangement compared to the common crystalline atomic arrangement is a unique combination of mechanical properties. Typically, amorphous metals possess higher specific strength and hardness, that are essential in providing a relatively high resistance of armor materials [50,51,52,53]. However, a lower impact strength is offset by the inherent crack arresting properties of perforated plates. In [49], the effect of various ARPA thicknesses, from 0 to 1.5 mm over the RHA base perforated plate (overall thickness 6 mm) were analyzed. It was found that the increase in ARPA thickness enhances the effectiveness of the perforated plate by increasing the projectile erosion.



An attractive, yet relatively simple use of perforated plates is demonstrated in the work by Chao et al. [54]. Perforated plates with the hardness of 500 BHN, with 4, 5 and 6 mm thicknesses, Ø5 and 6 mm perforations and 10 and 12 mm distance between perforation centers, were tested against 7.62 mm × 54R mm B32 API ammunition. It was shown that when mounted at extreme obliquity of 76°, both perforated plate and homogenous plate can provide projectile ricochet. However, being perforated, the weight of these plates can be significantly reduced. In this study, 26.24% weight reduction was achieved by the application of perforated versus the homogenous plate.




6. Blast Passive Mitigation


Besides kinetic energy ammunition, the highest threat to military vehicles in the last 20 years were shaped charges and IEDs (Improvised Explosive Devices) [10]. The effect of perforated plates versus shaped charges refers to increasing the stand-off distance, as in any other spaced armor, albeit at lower weight since perforations reduce the weight of the armor system. Older-shaped charges were more sensitive to this effect; however, more modern ones cannot be defeated completely. The effect of increasing the stand-off distance is more related to mitigating their effect, that is, the decreasing of the so-called lethal cone. On the other hand, several references explain the mechanisms and the potential of perforated plates in the respect of IED blast mitigation. So far, there were three main aspects of blast mitigation: energy absorption, blast deflection and keeping an adequate distance from detonation point [55]. Langdon et al. [56,57] and Ciortan et al. [58] proposed the application of perforated plates and perforated multilayer structures, respectively. Langdon et al. [56] reported that one deformable mild steel perforated plate, 2 mm thick can reduce deflection of the 1.6 mm reference target plate by 65–75%, while two 2 mm perforated plates of the same type, by 90–95%. Thus, perforated plates proved very effective in mitigating blasts, although large plastic displacement of the perforated plates was observed. On the other hand, in the work done by Ciortan et al. [58], who simulated the effect of 6.5 mm perforated plate, placed at 200 mm distance from the multilayer composite base plate (Kevlar, Aluminium, Armco iron, Aluminium, Kevlar), simulating the base vehicle armor. Interestingly, 6.5 mm thick perforated plates closely correspond to perforated plates effective against 12.7 mm M8 API ammunition, used in experiments by Balos et al. [13,14,19,32,35] and Radisavljevic et al. [33]. It was shown that a perforated plate effectively mitigates the effect of 5 kg TNT which is similar to a typical anti-tank mine.




7. Concluding Remarks


Based on the review presented, the following conclusions can be drawn:




	
Perforated plates work mainly through stress induction in the projectile, causing fractures of the penetrating core of armor-piercing ammunition. Penetrating core fracture occurs as strains above 2%. Besides penetrating core fracture, which is the optimal case, perforated plates work through inducing yaw and penetrating core tip damage and erosion.



	
The perforated plate-based armor system has an exceptional multi-hit resistance due to crack arrest by the nearest perforation. For further crack initiation and propagation, another impact is required in the damaged region. ASB-induced crack formation can be partially inhibited due to the presence of perforations, making the perforated plate material more resistant to multiple impacts compared to homogenous steel.



	
Perforated plates placed directly on the basic armor also induce bend stresses in the penetrating core, but as the projectile tip becomes embedded in the base plate, fracture potential might be reduced, rendering the need to increase the thickness of the perforated plate.



	
Besides heat-treated steels, commercial and armor steels, nanostructured bainitic steels and austempered ductile and compacted graphite irons can be used, essentially enabling a wide variety of materials and fabrication processes to manufacture perforated plates.



	
Considerable potential exists for applying amorphous metals to reinforce the crystalline base structure of the perforated plate, but this remains to be proved experimentally, as only simulations proved its merit. Simulations proved the potential of using high-strength aluminium alloys.



	
If spaced, perforated plates inevitably increase the footprint and weight of the vehicle, which is a major deficiency. However, a perforated plate placed directly on the base plate deserves more attention from the point of view of defeating kinetic energy rounds, while optimizing parasitic weight and volume. A perforated plate placed directly at the base armor will have a negligible effect against shaped charges and IEDs.



	
Even relatively thin perforated plates placed at some distance from the base plate significantly mitigate the effects of a blast from IEDs, providing higher survivability of the vehicle in the contemporary battlefield.
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Figure 1. Passive armour materials and types. 
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Figure 2. Patented wires in a zig-zagged configuration useful in causing projectile yaw. Zig-zag configuration of patented wires is indicated by a broken black line [15]. 
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Figure 3. A simulation conducted by Chocron et al. [26]: (a) initial configuration; (b) 12 µs after impact showing bending and stress contours. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017580939892. 
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Figure 4. Maximum strain in the projectile core versus target thickness [26]. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5032390676694. 
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Figure 5. Perforated plate damage (a); base plate with two dents on the base plate (b) [15]. 
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Figure 6. Test setup with the austempered ductile iron (ADI) material perforated plate made of nine smaller perforated plates joined by bolts [37]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5027070247748. 
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Figure 7. Damage on the back of the perforated plate: (a) ADI-275; (b) ADI-400 [37]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5027070247748. 
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Figure 8. Damage of the perforated plate after the impact in an area between perforations: (a) front side; (b) rear side; (c) schematic view of the damaged area; (d) deformation of the base armour [43]. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017590451474. 
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Figure 9. Numerical results of the AP impact in the center of the perforation compared with the flash X-ray images: (a) bottom view; (b) side view [43]. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017590451474. 
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Figure 10. Projectile impacts in the perforated plate: (a) center of the hole; (b) hole side; (c) between two holes; (d) geometric center between three holes [44]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5017590846392. 
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Figure 11. Target configuration studied in [47]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5027070526474. 
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Figure 12. Micrograph of the through thickness of (HHS + Al-alloy; HHS-High Hardness Steel configuration (a) front HHS steel plate (b) backing Al-alloy plate. The arrow shows the direction of the projectile [47]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5017591074019. 
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Figure 13. Micrograph of through thickness region of (PHHS + Al-alloy; PHHS-Perforated High Hardness Steel) configuration having 6 mm square holes (a) side A of front PHHS plate, (b) side B of front PHHS plate and (c) backing Al-alloy plate. The arrow shows the direction of the projectile. [47]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5017591074019. 
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Figure 14. 6 mm square and circular perforation damage: area A is the deformed and area B is the non-deformed region of a similar morphology [47]. Reprinted with permission from Elsevier: Mater. Des., Copyright 2021, License: 5027070526474. 
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Figure 15. Comparison of the projectile fragmentation obtained experimentally and in the simulations with the use of principal stress/strain failure criterion applied for the hardened steel cores [48]. Reprinted with permission from Elsevier: Int. J. Impact Eng., Copyright 2021, License: 5017591423106. 
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Table 1. Typical thicknesses, areal densities and mass effectiveness of various types of armour [7].
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	Thickness [mm]
	Areal Density [kg/m2]
	Mass Effectiveness





	380 BHN* rolled homogenous armour (RHA)
	41
	322
	1.00



	500 BHN* high hardness armour (HHA)
	36
	283
	1.14



	Aluminium alloy 5083
	134
	356
	0.90



	Aluminium alloy 7019
	97
	270
	1.19



	Aluminium alloy 7039
	91
	253
	1.27



	Titanium alloy Ti-6Al-4V
	45
	199
	1.62



	500 BHN* HHA and aluminium alloy 5083

500 BHN* HHA and titanium alloy Ti-6Al-4V
	-
	192

167
	1.68

1.93



	High hardness perforated plates and aluminium alloy 5083
	-
	168
	1.92



	Al2O3 ceramics and 500 BHN* HHA

Al2O3 ceramics and aluminium alloy5083

Al2O3 ceramic composite reinforced with glass fibers
	-
	152

146

141
	2.12

2.19

2.28







* BHN—Brinell Hardness Number.
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Table 2. Geometry, the average number of interconnected perforations, damaged area, areal density and mass effectiveness of various successful perforated plates [10,35,37,38].
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Performances

	
Perforated Plate Material






	

	
50CrV4

	
H9-6-0

	
H10-6-0

	
H11-6-0

	
ADI-275

	
ACGI-275




	
Thickness [mm]

	
6

	
6

	
6

	
6

	
7

	
7




	
Perforation diameter [mm]

	
9

	
9

	
10

	
11

	
11

	
11




	
Ligament length [mm]

	
4.5

	
4.5

	
3.5

	
3.5

	
3.5

	
3.5




	
Inclination [o]

	
20

	
0

	
0

	
0

	
0

	
0




	
Maximal number of fractured parts

	
2

	
5

	
3

	
6

	
3

	
3




	
Average no. of interconnected perforations

	
6

	
6.4

	
6.2

	
5.8

	
7.2

	
7.8




	
Damaged area [mm2]

	
448

	
483

	
487

	
551

	
2076

	
2214




	
Perforated plate areal density [kg/m2]

	
30

	
28

	
24

	
23

	
24

	
24




	
Armour system areal density (perforated + base plate) [kg/m2]

	
132

	
130

	
126

	
125

	
126

	
126




	
Mass effectiveness of the perforated plate vs. 380 BHN RHA

	
3.93

	
4.21

	
4.92

	
5.13

	
4.92

	
4.92




	
Mass effectiveness of armour system vs. 380 BHN RHA

	
1.67

	
1.69

	
1.75

	
1.76

	
1.75

	
1.75








Mechanical properties of perforated plate materials are: 50CrV4: Rp0.2% = 1410 MPa; Rm = 1470 MPa; A = 6%. H: Rp0.2% = 1255 MPa; Rm = 1140 MPa; A = 11%. ADI-275: Rm = 1472 MPa; A = 1%. ACGI-275: Rp0.2% = 1310 MPa; Rm = 1364 MPa; A = 1%.
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