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Abstract

:

This article deals with the ballistic impact of the 7.62 mm FMJ M80 rifle projectile into the laminated Twaron/UHMWPE composite armor. The armor composition consisted of composite panels made from Twaron CT 747 para-aramid fabric and ultra-high-molecular-weight Endumax Shield XF33 polyethylene. To analyze the ballistic impact and to verify the resistance of the designed armor according to the NATO AEP 4569 STANAG standard, protection level 1, 7.62 × 51 mm FMJ NATO M80 rifle cartridges with lead projectiles were used in the ballistic experiment. After the projectile impact, the damage failure mechanisms of the composite panels were documented. As part of the evaluation of the experiments, the initial microstructure of the composite panels was documented, and subsequently, the damaged areas of the composite armor after the ballistic experiment were also documented. Optical and scanning electron microscopy were used to document the structures. The important parameter of composite armor is its mechanical properties. The surface hardness of the composite panels was measured by the Shore D method using the hardness tester DIGI-Test II. The results obtained from the ballistic experiment demonstrate that the designed Twaron/Endumax armor was not penetrated. This armor has sustained multiple impacts for all three 7.62 mm FMJ M80 projectiles and is suitable for the construction of armor protection.
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1. Introduction


The most important factors influencing the design of armored equipment, especially tanks and combat vehicles, introduced in the military equipment include firepower, armor protection and mobility. Because these properties are significantly interrelated and interact in terms of design, it is advisable to choose the suitable compromise [1,2,3,4,5].



The main purpose of armor is to provide sufficient protection against the destructive effects of projectiles fired from firearms and anti-tank and anti-aircraft weapons. The development of armor protection is also connected to and influenced by tactics and strategies used in combat conflicts, e.g., the use of improvised explosive devices and unconventional weapons in asymmetric conflict [1,2,3,5].



In the context of the constantly evolving combat environment, materials engineering is developing sophisticated layered armor. The composition of this armor is composed of several layers of different materials. The front strike face is a metal or ceramic layer with high hardness that is used to deform the projectile or deflect it and reduce its effectiveness. Other layers are made of composite materials to dissipate and absorb the kinetic energy of the projectiles or their fragments [1,2,5,6,7,8,9,10,11,12].



The issue of ballistic resistance of composite ballistic protection systems has received considerable attention. The ballistic performance of layered composite ballistic protections has been described by Braga et al. [13], Demosthenes et al. [14], Scazzosi et al. [15], Mujiyono et al. [16], etc. In their study, Braga et al. [13] compared the ballistic resistance of polyester composites that were reinforced with curaua fibers. The tested composites were subjected to ballistic impact of 7.62 mm caliber projectiles. These composites were reinforced with 0, 10, 20 and 30 vol% curaua fibers. The ballistic results showed that the pure polyester resin exhibited the highest ability to absorb the kinetic energy of the projectiles, but its fragmentation characteristic is unsuitable for military applications that depend on achieving the ability to resist multiple hits. After ballistic testing, the composite reinforced with 30 vol% curaua fibers showed higher cohesion. Demosthenes et al. [14] evaluate the ballistic resistance of the layered armor system subjected to the high-velocity impact of 7.62 × 51 mm projectiles. This armor consisted of a 10 mm hexagonal alumina ceramic plate; the second layer consisted of a 10 mm epoxy composite with 10 vol%, 20 vol% and 30 vol% buriti fabric. The last part was formed by the 5 mm aluminum alloy sheet 5052-H34. From the ballistic results, all composites showed the satisfactory back side signature (BFS), which was significantly lower than the 44 mm lethal trauma specified by the NIJ 0101.06 standard. However, it is worth noting that only the composite reinforced with 30 vol% buriti fabric retains full integrity and guarantees protection against the other 7.62 mm projectile. Scazzosi et al. [15] discuss the experimental and numerical evaluation of the ballistic resistance of the layered ballistic protection, which consisted of Al2O3 ceramic and para-aramid fabric Kevlar 29 impregnated with epoxy resin. The ballistic protection was tested with projectiles of 7.62 × 51 mm with an impact velocity of (800–1000) m/s. From the results obtained, the limiting ballistic velocity was determined to be 816.53 m/s. Mujiyono et al. [16] analyzed the ballistic performance of the layered ballistic protection, which was composed of the front strike layer and the rear tougher layer. The front strike layer was composed of ballistic ceramic (tungsten carbide) and the rear tougher layer was composed of ramie fibers with epoxy resin. Ballistic resistance was tested with 7.62 × 51 mm projectiles with lead cores and 7.62 × 51 mm AP with steel cores. These projectiles were unable to penetrate the given layered armor, but brittle fractures occurred with the ballistic ceramic.



These composite materials consist of two or more phases with different properties. They are separated from other materials by their anisotropy. They are composed of a matrix and supporting reinforcement. The matrix is the base material and ensures the compactness of the composite. It is characterized by high elongation, low specific gravity and good wettability. The matrix protects the reinforcement from mechanical and chemical damage, as well as from external influences. The load transfer is decisively influenced by the supporting reinforcement, which consists of particles or fibers and is characterized by high strength and stiffness. The combination of matrix and supporting reinforcement results in a synergistic effect that provides better properties than each of the individual phases [6,17,18].



The main goal of this article was to obtain the necessary information about the standardized polymer fibers, which were further used to construct the composite armor, based on the performed experiment. The ballistic resistance of the designed armor was tested according to the NATO AEP 4569 STANAG standard, protection level 1. In addition to testing the ballistic resistance of the designed armor, surface hardness measurements and microstructure evaluation of the composite materials were also performed. The results of the ballistic resistance testing of this armor provided important information on its effectiveness and ability to provide protection against rifle projectiles.



The designed layered composite armor, which combines the para-aramid fabric Twaron CT 747 and Endumax Shield XF33 represents the suitable material combination in this assembly, which, depending on the synergistic properties of these materials, guarantees the required ballistic protection according to the AEP standard, level 1. The properties of para-aramid fabric Twaron CT 747 and Endumax Shield XF33 provide high ballistic protection while preserving important factors such as low weight and high mobility for armoring military equipment. In general, the uniqueness of this type of composite armor is the ability to effectively resist and dissipate energy in multiple hits of the 7.62 mm FMJ NATO M80 projectile.




2. Materials and Methods


The most commonly used composite materials for the production of high-protection composite armor include aramid and UHMWPE (ultra-high-molecular-weight polyethylene) fibers [6,17,18,19].



Aramid fibers are synthetically oriented fibers. They are characterized by their low density of 1.44 g/cm3 and high tensile strength of up to 3300 MPa. The most common types of aramid fibers used in armor protection are Kevlar® and Twaron®. They are synthesized from the same monomer and are very similar in properties. They have high strength, stiffness and elongation. They are also resistant to abrasion, chemicals and heat. However, as with any material, aramid fibers have their limitations. They degrade when exposed to UV light and moisture. They are used for ballistic purposes in the form of fabrics and are supplied by the manufacturer in various fineness [6,17,20,21].



UHMWPE (ultra-high-molecular-weight polyethylene) fibers are made up of very long chains of polyethylene oriented in the same direction, which is the basis for their extreme tensile strength. These materials are characterized by high molecular weights ranging from 3–106 g/mol to 6–106 g/mol, high strength and abrasion resistance. They are characterized by a low coefficient of friction and this property allows their use also in arthroplasty for joint replacement. It is a chemically resistant material. It resists most chemicals, including acids, alkalis and other aggressive chemicals. Other advantages include low moisture absorption, UV resistance and good electrical insulation [6,18,19].



On the basis of their low density and high strength and their ability to absorb impact energy and transfer the load to the entire volume, they represent a perspective material choice for the construction of armor protection [3,22]. Armor protection and its durability depend on the mechanical and ballistic properties of the materials used (matrix and supporting reinforcement). For this reason, it is important to know the material and ballistic properties of the individual components or the system, as well as the capabilities and limitations of the composite panel manufacturing technologies.



2.1. Material Properties of Composite Armor


For this experiment, the para-aramid fabric Twaron CT 747 (Teijin Aramid, Arnhem, The Netherlands) and the high molecular weight polyethylene Endumax Shield XF33 (Teijin Aramid, Arnhem, The Netherlands) were used (see Figure 1).



The properties of these composite materials are summarized in Table 1.




2.2. Manufacture of Composite Armor Twaron/UHMWPE


The individual composite panels were manufactured by using the VARTM method, autoclave technology and hot-pressing method (see Section 2.2.1, Section 2.2.2 and Section 2.2.3).



VARTM technology is based on the generation of a pressure differential. It is an injection technology that uses vacuum pressure. The reinforcement is placed under a vacuum sheet from which air is extracted and the generated vacuum enables the matrix to be saturated and impregnated with the supporting reinforcement [25,26,27,28].



Autoclave technology is a potential low-pressure technology for the manufacture of composite parts. The main technical equipment is the autoclave. It is a heated pressure chamber with a controlled atmosphere. Based on the selected program, the curing cycle is performed. The pressure ranges from 3–10 bar, and the curing temperature is 120–200 °C [27,29].



For the high-volume manufacturing of composite parts, the hot-pressing method has been widely used. To achieve the required shape, the composite material is inserted into a form consisting of two or more parts. This form is heated by an electric or heating medium. Pre-impregnated fabrics (prepregs) are used for this production. The prepared form with the composite material is then placed in a hydraulic press, which cures the resin on the base of a controlled thermal cycle. The temperature and pressure in the hydraulic press are precisely regulated and adjusted according to the required parameters for the specific part [27,30,31].



2.2.1. VARTM Technology


The cut para-aramid fabric Twaron CT 747 with the required number of layers was layered on the surface of the glass form. A hermetically closed space was created by using vacuum sheeting and butyl adhesive tape. This space was evacuated by the effect of the evacuator to create a vacuum. The vacuum effect resulted in the aspiration of the matrix (LG700 + HG700, stoichiometric ratio 100:30) and subsequent impregnation through the predefined para-aramid fabric. The impregnation was followed by the curing of the matrix at room temperature at 20 °C. The curing time was 20 h. The whole process of manufacturing the composite panel by VARTM technology is shown in Figure 2.




2.2.2. Autoclave Technology


After cutting and vacuuming, the para-aramid fabric Twaron CT 747, ER68 was placed in the form, which was placed in the autoclave (Maroso s.r.l., Pianezze, Italy), (see Figure 3). During the process, the form was vacuum sealed and exposed to temperatures to ensure saturation of the para-aramid fabric. The process consisted of several stages, including curing and cooling. The curing process for the composite panel of Twaron CT 747, ER68 is shown in Figure 4.




2.2.3. Hot−Pressing Technology


This technology was used for the manufacturing of the Endumax Shield XF33 composite panels. The ZD40 hydraulic press with a load capacity of up to 400 kN was used to press the composite materials. The Endumax Shield XF33 material was placed in an aluminum form, which was heated by heating patrons. The force application of the ZD40 machine was 350 kN. The temperature of the heated aluminum form was adjusted to 140 °C. The curing time for these panels was 20 min. After this time, controlled cooling to 80 °C followed. The preparation and manufacturing of the composite panels is shown in Figure 5. The hot-pressing process parameters are shown in Figure 6.



The mentioned technologies were used to manufacture four composite panels with the following parameters, which are shown in Table 2.





2.3. Testing of Manufactured Composite Panels


To achieve the higher ballistic resistance of armor, the configuration of the armor is essential. The ballistic resistance of a composite armor configuration depends on the mechanical properties (hardness, strength and toughness), the type of projectile (geometry, material and construction) and the shooting conditions (impact velocity, shooting direction, etc.). Evaluation of the ballistic resistance of the designed armor is based on shooting experiments [2,3].



In general terms, the basic material properties of armor include hardness, yield strength, ultimate strength, elongation and toughness. This knowledge is necessary to design the optimal configuration of composite armor. As hardness increases, toughness decreases. To maintain the optimal ratio of hardness to toughness, composite panels are stacked in a gradient pattern so that the front strike layer has the highest hardness and this hardness decreases with the rear layer [3,32,33].



2.3.1. Surface Hardness and Microstructure of Composite Panels


To measure the surface hardness of composite materials, the Shore D method was used, which allows the measurement of the hardness of nonmetallic materials (polymers, hard synthetic plastics, thermoplastics, vinyl coatings, etc.). The Shore D surface hardness is measured by an indenter that is pressed into the material by an impact force using a calibrated spring, and the surface is deformed to a certain depth. After the indenter is released, the rate of return to its original position is measured [34,35].



The microstructure of the composite panels was observed by using the Olympus DSX500i inverted optodigital microscope (Olympus, Prague, Czech Republic) and the TESCAN MIRA 4 scanning electron microscope (Tescan, Brno, Czech Republic). The pictures of the cross-sections of the composite panels of Twaron CT 747, ER68 and Twaron CT 747, LG700 + HG700 are shown in Figure 7 and Figure 8. The pictures of the cross-sections of the Endumax Shield XF33 composite panel are shown in Figure 9.




2.3.2. Ballistic Testing of Composite Panels


Ballistic testing is the essential process for developing, certifying and verifying the ballistic resistance of protective equipment. The level of ballistic protection is evaluated according to the national and international standards. In general, these standards deal with the assessment of the ballistic protection of the individuals and of the vehicles, whereas the protection of the individuals is recognized as wearable and nonwearable [6,22].



There are several internationally recognized organizations and institutions deter-mining ballistic standards, norms and regulations [6].



In the Czech Republic, the national standard for evaluating the level of ballistic protection of individuals is the ČSN 39 5360. Furthermore, in the Czech Republic, the following US and German national standards are recognized: NIJ 0101.06 (USA) and VPAM APR 2006 (GER). Next, especially for military purposes, the AEP 2920 was adopted in the Czech Republic as the ČOS 130027 in the case of protection against fragments [36,37,38,39,40].



Regarding the evaluation of ballistic protection of vehicles, the allied publication AEP-55 (STANAG 4569) is considered. This publication includes threats in the form of projectiles impacting with kinetic energy and shrapnel-simulating fragments (FSP) generated by the explosion of artillery ammunition. It also addresses protection against improvised explosive devices (IEDs) [39].



Because the presented and evaluated samples of ballistic protection are intended for the ballistic protection of vehicles, the level of ballistic protection was tested in accordance with the AEP-55. The only exception was the range of the fire—the AEP-55 defines the 30 m distance; the real range of fire was 25 m because of the limitations of the ballistic laboratory of the University of Defence.



To perform the shooting experiment according to the STANAG 4569 AEP-55 standard, the specialized test polygon was used. The shooting polygon is shown in Figure 10 and was modified to the requirements of STANAG 4569 AEP-55. The testing distance for ballistic resistance testing of the composite armor Twaron/UHMWPE was 25 m.



To evaluate and record the impact of ballistic threats, special measuring equipment was used, which consisted of a shooting bench (Prototypa-ZM, STZA 12, Brno, Czech Republic) with a ballistic barrel (Prototype-ZM, 7.62 × 51 mm NATO EPVAT, Czech Republic) and universal breech (Prototypa-ZM, UZ-2002, Czech Republic), ballistic radar (Prototypa-ZM, DRS-01, Czech Republic), optoelectronic gate (Kistler, 2521A, Winterthur, Switzerland), ballistic recorder (Kistler, 2519A, Switzerland) and high-speed camera (Photron, SA-Z, Tokyo, Japan) with reflectors. The measurement equipment used in this experiment is shown in Figure 11.






3. Results and Discussion


This section discusses the results obtained by the experimental methods described above. The measured surface hardness of the composite panels and the verification of the ballistic resistance of the Twaron/UHMWPE layered composite armor are presented.



3.1. Surface Hardness of Composite Panels


The surface hardness of the composite panels was measured on the DIGI-Test II hardness tester by using the Shore D method. For each tested panel, 10 measurements were performed. The arithmetic average of the measurement results was determined (see Table 3). The graphical dependence expressing the comparison of the measured surface hardness data of the composite panels is shown in Figure 12.



Figure 12 shows that the highest surface hardness value is achieved by Twaron CT 747, LG700 + HG700, the second highest value is achieved by Twaron CT 747, ER68 and the lowest value is achieved by Endumax Shield XF33. According to this information, the optimal test configuration of the layered armor was designed.



The designed layered composite armor consisted of Twaron/UHMWPE composite panels (Table 2). The layered armor with a total thickness of 39.3 mm and weight of 4.11 kg had a total of 110 layers. The configuration of the designed armor is shown in Figure 13.




3.2. Ballistic Testing Results


The ballistic resistance of the assembled Twaron/UHMWPE layered composite armor was experimentally verified with a 7.62 × 51 mm NATO FMJ M80 cartridge according to STANAG 4569 AEP-55, level 1. The type of cartridge used is listed in Table 4.



The designed layered armor was fired into by three 7.62 mm FMJ M80 projectiles. Projectile muzzle velocities (v0) and projectile armor impact velocities (v25) were measured by ballistic radar (Prototypa-ZM, DRS-01, Czech Republic) and optoelectronic gates (Kistler, 2521A, Switzerland). Based on these measured velocities, the kinetic energies of projectile EK were calculated according to the following Equation (1):


   E K   =   1 2   m p   v 2  ,  



(1)




where EK is the kinetic energy of the projectile [J], mp is the weight of the projectile [kg] and v is the velocity of the projectile [m/s].



The dynamic processes were recorded by the high-speed camera (Photron, SA-Z), and the changes in the geometry of the layered armor after the impact of the projectiles are shown in Figure 14.



The Twaron/UHMWPE layered composite armor was not penetrated. Due to the absorption and dissipation of the kinetic energy of the projectiles, there was a major plastic deformation in the rear part of the armor. The projectiles stopped in the Twaron CT 747 ER 68 composite panel at approximately 29 layers. Figure 15 shows the impact locations and the resulting plastic deformation in the rear of the armor.



The damage mechanism of the composite panels that occurred after the impact of the 7.62 mm M80 projectile is shown in Figure 16. When the projectile hit the strike layer, the primary fibers were stretched, and cracking and delamination of the matrix was produced. Subsequently, shear rupture of these fibers occurred (see Figure 17 and Figure 18).



The diameter of damage on the front side of the armor after the projectile impact was approximately 13.2 mm. In the case of the back layers, tensile failure is shown with subsequent pulling out of the fibers and conical deformation (see Figure 18). The diameter of the conical deformation was 97.4 mm.



The summary of the shooting experiment is presented in Table 5. It includes the velocities of the projectiles, which were recorded by ballistic radar (Prototypa-ZM, DRS-01, Czech Republic) and the optoelectronic gate (Kistler, 2521A, Czech Republic) and the kinetic energies of the projectiles 7.62 mm FMJ M80, which were calculated according to Equation (1).





4. Conclusions


In this study based on previous published articles [41,42], the material research of composite materials was investigated and the ballistic resistance of the designed Twaron/UHMWPE composite armor against multiple impacts was verified.



In published articles [41,42], the limiting thicknesses of composite materials were determined. The ballistic resistance of Twaron CT 747 para-aramid fabric was tested according to AEP-55, level 1. In article [41], the ballistic resistance of Twaron CT 747 para-aramid fabric impregnated with a matrix consisting of LG700 epoxy resin and HG700 hardener was determined. The limiting thickness of the tested configuration was 47.9 mm with a weight of 5.6 kg. In study [42], the limiting thickness of the Twaron CT 747 para-aramid fabric, which was impregnated with thermoplastic resin TH110, was determined. This limiting thickness was 41.2 mm, and the weight was 4.1 kg. For this fabric, which was impregnated with thermosetting resin ER 68 and cured in the autoclave, no limit thickness was determined because of the penetration of the composite armor.



The individual panels listed in Table 2 (see Section 2) were manufactured by VARTM, autoclave technology and the hot-pressing method in cooperation with the Brno University of Technology, Faculty of Mechanical Engineering.



Research of materials has shown that, depending on the technology used to manufacture the composite panels, the mechanical properties of the composite materials are changed (see Figure 12). These mechanical properties can significantly influence the ballistic resistance of the composite armor. It can be expected that as the hardness of the composite armor increases, the ballistic resistance also increases. Based on this prediction, it was decided that the Twaron CT 747, LG700 + HG700 composite panel was the most suitable for the front strike layer, as confirmed by the results of ballistic experiments (see Section 3.2 and article [41]).



From the experimental research performed in this study, the following innovations were identified:




	
Change of armor composition in the context of experimentally obtained results








According to the measured values of the surface hardness Shore D, the test configuration of the armor was composed.



In the layered composite armor configuration, the front strike layer consisted of the Twaron CT 747, LG700 + HG700 composite panel. For the dissipation layer, the composite panel Twaron CT, ER68 was chosen. The absorption support layer consisted of Endumax Shield XF33 composite panels.



	2.

	
Increasing ballistic resistance of layered composite armor







The results of the experiments presented in Section 3 demonstrate that the most suitable combination of strike and absorption layers is the combination of Twaron/UHMWPE layers. The importance of the front strike layer of Twaron and the absorption layer of UHMWPE is validated by the ballistic experiments described in Section 3.2.



The newly designed Twaron/UHMWPE system sustained multiple impacts for all three 7.62 mm FMJ M80 projectiles in accordance with AEP-55 STANAG 4569, level 1.



	3.

	
Method of damage evaluation of composite armor







The main mechanism of damage to the composite panels included fiber breakage, separation of fibers from the matrix, separation of individual layers (delamination) and shear failure (see Figure 16, Figure 17 and Figure 18 and Section 3.2). In order to evaluate the mechanical damage of the perforated areas of the composite armor, the methods of optodigital and scanning electron microscopy were used.



The results achieved from the experimental part will be used for further development to create a prototype of the layered composite armor. In the subsequent part of the project, we will deal with the manufacturing of honeycomb structures and their implementation in the composite armor in order to achieve higher ballistic resistance according to AEP-55 STANAG 4569 and lower specific weight.



The purpose of this experiment is to evolve ballistic protection with the parameters it has now to the new ballistic protection criteria of the future. It provides new results about the ballistic properties of composite materials and their combinations. These results could be used in the testing of new composite materials to be developed and progressively tested for ballistic purposes.
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Figure 1. Composite materials: (a) Twaron CT 747 (detail magnified 20×); (b) Endumax Shield XF33 (detail magnified 20×). 
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Figure 2. Manufacturing of composite panel by VARTM technology: (a) preparation of material Twaron CT 747 for VARTM; (b) curing of matrix (LG700 + HG700). 
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Figure 3. Manufacturing of composite panel by autoclave technology: (a) preparation of Twaron CT 747, ER68; (b) autoclave. 
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Figure 4. Curing cycle in autoclave. 
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Figure 5. Manufacture of composite panels by hot-pressing technology: (a) material preparation Endumax Shield XF33; (b) hydraulic press ZD40. 
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Figure 6. Hot-pressing process parameters. 
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Figure 7. Cross-sections of composite panels (optodigital microscopy, magnified 1000×): (a) Twaron CT 747, ER68; (b) Twaron CT 747, LG700 + HG700. 
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Figure 8. Cross-sections of composite panels (scanning electron microscopy, magnified 5000×): (a) Twaron CT 747 ER68; (b) Twaron CT 747, LG700 + HG700. 
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Figure 9. Cross-sections of composite panels Endumax Shield XF33: (a) optodigital microscopy, magnified 200×; (b) scanning electron microscopy, magnified 11,000×. 
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Figure 10. Shooting polygon. 
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Figure 11. Measuring equipment: (a) shooting bench with ballistic barrel, universal breech and ballistic radar; (b) optoelectronic gate; (c) high-speed camera with reflectors. 
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Figure 12. Surface hardness of Shore D composite panels. 
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Figure 13. Configuration of the tested Twaron/UHMWPE armor. 
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Figure 14. Photos from the high-speed camera (Photron, SA-Z): (a) impact of the 7.62 mm FMJ M80 projectile into the layered composite armor; (b–d) gradual plastic deformation of the layered composite armor. 
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Figure 15. Ballistic testing: (a) impact locations of projectiles 7.62 FMJ M80; (b) deformation of the rear side of the layered composite armor. 
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Figure 16. Deformation and delamination of composite panels: (a) Twaron CT 747, ER68; (b) Endumax Shield XF33. 
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Figure 17. Detail of projectile impact into the armor of Twaron/UHMWPE: (a) impact of 7.62 mm FMJ M80 projectile; (b) projectile stopped in Twaron CT 747, ER68 panel. 
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Figure 18. Failure mechanism of composite panels after ballistic testing by SEM: (a) Twaron CT 747, LG700 + HG700, magnified 1000×; (b) Twaron CT 747, ER68, magnified 1000×; (c) Twaron CT 747, LG700 + HG700, magnified 5000×; (d) Endumax Shield XF33, magnified 5000×. 
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Table 1. Properties of the para-aramid fabric Twaron CT 747 and the high molecular weight polyethylene Endumax Shield XF33 [23,24].
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	Materials
	Thickness

[mm]
	Area Density

[g/m2]
	Young’s Modulus

[GPa]
	Composite Density

[kg/m3]





	Twaron CT 747
	0.62
	410
	115
	1450



	Endumax Shield XF33
	0.16
	146
	170
	970










 





Table 2. Manufactured composite panels.
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	Panels
	Dimension

[mm]
	Thickness

[mm]
	Weight

[kg]
	Number of Layers





	Twaron CT 747, LG700 + HG700
	300 × 300
	17.6
	2.02
	35



	Twaron CT 747, ER68
	300 × 300
	14.9
	1.56
	35



	Endumax Shield XF33
	300 × 300
	3.3
	0.26
	20



	Endumax Shield XF33
	300 × 300
	3.5
	0.27
	20










 





Table 3. Measured values of surface hardness of composite panels by the Shore D method.
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	Surface Hardness Shore D, num. m.
	Twaron CT 747, ER68
	Twaron CT 747, LG700 + HG700
	Endumax Shield XF33





	1.
	78.3
	83.0
	69.8



	2.
	84.3
	85.9
	71.8



	3.
	81.5
	86.0
	71.5



	4.
	83.8
	85.6
	71.5



	5.
	83.9
	85.9
	71.2



	6.
	82.1
	86.7
	71.0



	7.
	82.9
	86.1
	70.1



	8.
	82.7
	85.8
	71.7



	9.
	80.3
	87.3
	71.6



	10.
	82.0
	84.3
	72.0



	Average value
	82.2 ± 1.73
	85.7 ± 1.15
	71.2 ± 0.69










 





Table 4. Type of cartridge used according to STANAG 4569 AEP-55, level 1 [41].
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	Cartridge Type
	Projectile Weight

[g]
	Projectile Velocity

[±15 m/s]





	7.62 × 51 mm NATO FMJ M80
	9.55
	833.00










 





Table 5. Evaluation of ballistic resistance of the Twaron/UHMWPE armor.
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S. n.

	
Armor Configuration, See Figure 13

	
v0

[m/s]

	
v25

[m/s]

	
EK0

[J]

	
EK25

[J]

	
Penetration






	
1.

	
Twaron/UHMWPE

	
867.7

	
841.3

	
3595.1

	
3379.7

	
No




	
2.

	
858.2

	
833.8

	
3516.8

	
3319.7

	
No




	
3.

	
876.5

	
852.6

	
3668.4

	
3471.1

	
No
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