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A coupled finite-element genetic algorithm technique was used to optimize the arrangement order and layer thickness ratios of Ti-Al3Ti-Al laminated composites. Moreover, the damage evolution, energy conversion, and stress distribution of TC4-Al3Ti-Al laminated composites under impact were analyzed. The results showed that TC4-Al3Ti-Al laminated composites with a layer thickness ratio of 3:14:4 have optimum anti-penetration properties; the projectile kinetic energy is mainly converted into the internal energy of the bullet target system; during the penetration process of TC4-Al3Ti-Al targets, the TC4 layer is shear failure, the Al layer is a petal-like failure, the failure mode of Al3Ti layer is fragmentation; with the number of layer increases, the anti-penetration properties of TC4-Al3Ti-Al targets are gradually increasing. However, when the number of layers is more than 30 layers, the number of layers has little effect on the anti-penetration performance of these composites.
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INTRODUCTION
As a new class of lightweight structural armor material, Ti-Al3Ti laminated composites have drawn significant attention recently due to their low density, high energy absorption, high stiffness, high hardness, etc. (Clemens and Kestler, 2000; Launey et al., 2010). At present, various methods have been developed to improve the mechanical properties of Ti-Al3Ti laminated composite. For example, Vecchio et al. (2005) increased the fracture toughness of Ti-Al3Ti laminated composite by reinforcement with alumina, Al2O3, and SiC fibers. Cao et al. (2015) improved the anti-penetration of Ti-Al3Ti laminated composite using structure optimization. Yuan et al. (2018), Yuan et al. (2019) used the endothermic semi-solid reaction to eliminate the defects of Ti-Al3Ti-Al laminated composites and improve the mechanical properties of this composites. Price et al. (2010), Konieczny (2013) reported that the residual Al maximizes the combined properties of strength, toughness, and stiffness of Ti-Al3Ti-Al laminated composites.
Compared to Ti-Al3Ti laminated composites, TC4-Al3Ti-Al laminated composites have a better anti-penetration properties and lower density. However, most research studies today is aimed at the optimization design of simple structures of composite materials, and some meaningful conclusions have been drawn, but the optimization design methods for large and complex structures of composite materials are not yet mature. Yuan et al. (2020a) established an optimization design method suitable for the large-scale composite material structure. This method optimizes the design of the composite material structure based on the finite-element analysis of the composite material structure and applies region division when establishing the finite-element model technology to optimize the structure in two levels. The genetic algorithm is a method to search for the global optimal solution by simulating the natural biological evolution process. It has strong versatility, good stability, and global convergence. In addition, the nature of genetic algorithm’s population search determines the genetic algorithm. There are special advantages in optimization problems. In this study, a method combining genetic algorithm with finite-element analysis was used to optimize the structure and analyze the anti-penetration properties of Ti-Al3Ti-Al laminated composites.
FINITE-ELEMENT MODEL
Finite-Element Geometric Model
According to the characteristics of TC4-Al3Ti-Al laminated composites, an axisymmetric finite-element model was established, as shown in Figure 1. The diameter of the composite targets is 75 mm. The projectile is a tungsten alloy long warhead, with a length of 23 mm and a diameter of 6.15 mm. The TC4-Al3Ti-Al targets are regarded as a continuous and uniform medium, each layer exists independently, and tie-break contact is used between the layers to simulate the delamination failure (Ahn et al., 2010). The failure force can be based on normal. When the squared normalized radius of the circle is greater than 1, then failure is assumed and the tensile spring is immediately deactivated. The entire model uses the PLANE 162 unit, in which the projectile uses the ALE algorithm that can overcome the distortion of the unit, and the layers of the composite target plate use the Lagrange algorithm. In order to make the calculation more accurate and stable, the model uses a mapped mesh, and to ensure the projectile complex interaction with the target plate, the center area of the target plate uses a denser grid. The smallest grid size is 0.08 mm × 0.1 mm. The size of the projectile grid is similar to the center of the target plate, so that the contact algorithm runs well. The total number of elements in the model is about 19,600.
[image: Figure 1]FIGURE 1 | Finite-element model of TC4-Al3Ti-Al laminated composite target (model parameters and constraints).
Material Model and Parameters
Both the projectile and the titanium alloy are ductile materials, and Johnson–Cook constitutive model and Mie–Gruneisen equation of state are selected. The Al target plate uses the plastic-kinematic model (Johnson and Cook, 1985; Zheng, 2012), and the specific material parameters are shown in Table 1.
TABLE 1 | Tungsten alloy, TC4, and Al material parameters.
[image: Table 1]Al3Ti uses JH-2 (Johnson–Holmquist–Ceramics) material constitutive model (Johnson and Holmquist, 1994), and the specific material parameters are shown in Table 2. The damage parameter D in Table 2 is used to describe the damage evolution, where D = 0 represents the integrity of the material and D = 1 represents the complete failure of the material.
TABLE 2 | Al3Ti material parameters.
[image: Table 2]When the material is not damaged (D = 0), the equation of state in the JH-2 constitutive model can be expressed as follows:
[image: image]
Among them, [image: image] is the bulk modulus, [image: image] and [image: image] are the material parameters, μ is the strain, and P is the hydrostatic pressure.
After the material begins to damage (D > 0), due to the radial expansion of the material, a correction term △P is added after the polynomial, which is expressed as follows:
[image: image]
Among them, △P can be obtained from the perspective of energy conversion. The reduction of elastic energy will be converted into the internal potential energy of the material through the increase in pressure. The equation of energy conversion can be expressed as follows:
[image: image]
In the formula, β is the conversion coefficient of elastic energy into potential energy and U is the internal energy.
The equation of state of the material in the JH-2 constitutive model can be expressed as follows:
[image: image]
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Among them, [image: image] is the dimensionless effective stress of the undamaged material (D = 0); [image: image] is the dimensionless effective stress of the completely damaged material (D = 1); A, B, C, M, and N are the material constants; [image: image] is the dimension hydrostatic pressure, [image: image], where [image: image] is the pressure component when the material is at the Hugoniot elastic limit; and [image: image] is the dimension maximum hydrostatic stress, [image: image], where and T is the maximum hydrostatic tensile stress.
Like the Johnson–Cook model, the damage evolution of brittle materials such as ceramics can be defined as follows:
[image: image]
where [image: image] is the effective plastic strain of an integral cycle and [image: image] is the failure plastic strain under dimensional pressure, and the specific expression is as follows:
[image: image]
where D1 and D2 are material constants. The JH-2 material model parameters of Al3Ti intermetallic compound are shown in Table 2.
RESULTS AND DISCUSSION
Optimized Design of TC4-Al3Ti-Al Laminated Composites
In practical applications, thick composite materials are mostly formed by stacking many sub-layers with the same layer. When this structure is subjected to large impact loads, not only bending stress but also large shear stress generates, causing interlaminar shear stress. However, the interlaminar strength of the composite material is relatively low, and interlaminar shear force is likely to cause interlaminar failure. Therefore, when optimizing the Al3Ti-Ti-TC4 laminated composites, not only the in-plane strength but also the interlaminar Shear strength should be considered (Cao et al., 2018). This study uses the genetic algorithm to optimize the anti-penetration performance and thermal protection performance of Al3Ti-Ti-TC4 laminated composites.
First, assume that the three materials TC4/Al3Ti/Al have the same thickness and optimize their arrangement. According to the principle of mutual reaction between materials, it can be determined that there are two different arrangements of the three materials, respectively, TC4/Al3Ti/Al and Al/Al3Ti/TC4.
The anti-penetration performance of the multilayer composite protective structure under two different arrangements was performed with LS-DYNA, respectively, and the results are shown in Figure 2.
[image: Figure 2]FIGURE 2 | Curves of impact velocity and residual velocity of TC4-Al3Ti-Al and Al-Al3Ti-TC4 targets.
From the impact velocity and residual velocity curves of the composite target in Figure 2, it can be seen that the trajectory limit velocities of TC4/Al3Ti/Al and Al/Al3Ti/TC4 are 911 m/s and 1032 m/, and in the range of 600–910 m/s, and the remaining speed of the composite materials of the two-layer configurations is the same. As the impact speed increases, the composite protective structure of the TC4/Al3Ti/Al configuration. The remaining speed is significantly reduced, indicating that its impact resistance is better.
Optimization of Layer Thickness Ratio
In order to optimize the design of the layer thickness ratios of TC4-Al3Ti-Al laminated composites, a multi-objective optimization model with the objectives of the anti-penetration performance and thermal protection performance of the materials was established, which was as follows:
[image: image]
where t* is the temperature of the outermost point of the structure after each iteration; [image: image] is the dimensionless temperature, which is the thermal protection index of the structure; [image: image] is the volume fraction; and the thermal protection and anti-penetration performance are weighted with [image: image], [image: image] into a single target. V* = V/h' is the average speed of the bullet consumed per millimeter of material, and V (Wilkins, 1978) is the maximum speed of the bullet that the material with a fixed thickness can allow, which is described as follows:
[image: image]
K1 is the elasticity coefficient as follows:
[image: image]
K2 is the elastic diameter coefficient as follows:
[image: image]
[image: image]
Kp is the penetration coefficient of the dielectric material as follows:
[image: image]
[image: image]
where [image: image] is the penetration depth; m is the mass of the projectile; d is the diameter of the projectile; K1 is the coefficient of elasticity; K2 is the ratio of the projectile conversion factor; [image: image] is the expansion factor; [image: image] is the initial density of the medium; [image: image] is the deformation wave propagation velocity; [image: image] is the hit velocity; and [image: image] is the sliding friction coefficient between the projectile and the medium, which is [image: image], [image: image] The number of material layers is n = 21, and the optimal result of the layer thickness ratio is 3: 14: 4.
Figure 3 shows the impact and residual velocities of TC4-Al3Ti-Al laminated composites with 1:1:1 and 3:14:4 layers thickness ratio. From Figure 3, it can be seen that under low-velocity impact, the two curves basically coincide. However, as the velocity gradually increases, the difference between the residual velocity curves is caused by the increase in the Al3Ti content. The reason is that hardness is a key factor affecting the passivation and energy loss of the projectile in the stage of penetration, when the projectile penetrates at high speed (Abrate, 1994).
[image: Figure 3]FIGURE 3 | Curve of impact and residual velocities of TC4-Al3Ti-Al targets with different layer thickness ratios.
Calculate the change rule of the residual velocity of the TC4-Al3Ti-Al and TC4-Al3Ti target plates with the same thickness of the projectile impact with the initial velocity. The simulation results are shown in Figure 4. It can be seen that when the projectile velocity is less than 1200 m/s, the TC4-Al3Ti-Al target plate has better penetration resistance than the TC4-Al3Ti target plate. And because the density of the TC4-Al3Ti-Al target plate is less than that of TC4-Al3Ti target plate, it can better meet the demand for lightweight of current new armor materials. Xin et al. (2019) used finite-element analysis to demonstrate that when the projectile velocity is lower than 1000 m/s, Ti-Al3Ti-Al laminated composites have better anti-penetration properties than Ti-Al3Ti laminated composites.
[image: Figure 4]FIGURE 4 | Curve of impact and residual velocities of TC4-Al3Ti-Al and TC4-Al3Ti targets.
Effect of the Number of Layers
Figure 5 shows the penetration depth of TC4-Al3Ti-Al targets with different layer numbers impacted by a tungsten alloy projectile with an initial velocity of 900 m/s. As can be seen from Figure 5, as the number of layers increases, the penetration depth of the projectile gradually decreases. However, when the number of layers exceeds 30, the effect of the change in the number of layers on the penetration depth of the target almost disappears. This is due to the higher restraining pressure during the penetration process; the internal friction between the Al3Ti fragments, particles, and powders; and repeated grinding and pulverization, which are important forms of energy consumption (Abrate, 1994). As the number of layers increases, the constraints of the TC4 layer and the Al layer on the crushed Al3Ti particles increase. After smashing Al3Ti, the basic integrity of the smashing area can still be guaranteed. As a result, there is huge damping force between the Al3Ti particles in the pulverization area in front of the bomb body, resulting in pulverization fracture energy consumption, frictional heat consumption in the particles, and volume expansion energy consumption and other forms of energy consumption (Miao, 2018). At the same time, as the number of slayers increases, the material interface between the TC4 layer and the Al3Ti layer and the Al3Ti layer and the Al layer increases, resulting in the impact of generating more crack deflections and bifurcations, further increasing the energy consumption of the target plate; thus, in engineering practice, when the number of layers is low, to ensure that in the case where the thickness is not increased, the ballistic limit can be increased by increasing the laminate layers, strengthening the anti-penetration performance laminates.
[image: Figure 5]FIGURE 5 | Penetration depth of TC4-Al3Ti-Al targets.
Failure Mechanism of TC4-Al3Ti-Al Targets
As can be seen from Optimization of Layer Thickness Ratio and Effect of the Number of Layers, when the thickness ratio of TC4:Al3Ti:Al layer is 3:14:4 and the total number of layers is about 30, it has the best anti-penetration performance. In this study, the thickness of the laminated plate is 24.08 mm and the total number of layers is 35, among which the thickness of TC4 layer is 0.24mm, the thickness of Al3Ti layer is 1.12 mm, and the thickness of Al layer is 0.32 mm. Figure 6 is the damage evolution diagram of a tungsten alloy projectile penetrating the TC4-Al3Ti-Al targets at an initial velocity of 1,100 m/s. At t = 4 µs, the high-speed projectile impacted the TC4-Al3Ti-Al targets and a high-amplitude shock wave was generated in the targets, which caused Al3Ti to crack (Wilkins, 1978). At about t = 7 µs, the shock wave reached the back of the targets and reflected as a sparse wave on the free surface. At t = 16 µs, a large area of damage failure occurred on the back of the target board, and the delamination radius was about three times the projectile diameter. The failure mode of the target is about 120° cone.
[image: Figure 6]FIGURE 6 | Penetration simulation of TC4-Al3Ti-Al targets under 1100 m/s bullet velocity. (A) t = 4 µs, (B) t = 7 µs, (C) t = 16 µs, (D) t = 28 µs, (E) t = 50 µs, (F) t = 105 µs.
As the projectile continued to penetrate, the cracks in the targets further expanded under the action of interlayer shear and lateral stress; and at about t = 28 µs, the penetration depth of the projectile was about 1/2 of the thickness of the target. At t = 50 µs, only several layers of Al3Ti on the back of the target have not been broken, the stiffness of the composite material has been reduced, and obvious protrusions have been produced on the back of the target. At 105 µs, the Al layer fails, and the port is petal-shaped.
Based on the previous analysis, the TC4-Al3Ti-Al targets have a very complicated deformation and damage failure process. The TC4 layer is a local tensile and shear failure, the Al layer is a petal-like tensile failure, and the failure mode of the Al3Ti layer is fragmentation under repeated stress and repeated grinding and pulverization between particles. Yuan MN (Yuan et al., 2020b) analyzed the damage modes of the targets in order to explore the anti-penetration mechanisms of Ti-Al3Ti-Al targets. It shows that due to the low tensile strength and hardness of the target, petal-shaped deformation will occur at the rear of the target, resulting in the enhanced penetration resistance of the composite, and hence the validity of the finite-element model is verified.
Stress Distribution
The stress state of TC4-Al3Ti-Al targets under the ballistic impact load is very complicated and seriously affects the energy absorption and the ballistic resistance mechanism (Abrate, 1994). The schematic diagram of the stress wave propagation in the TC4-Al3Ti-Al three-layer structure is shown in Figure 7 (Yuan et al., 2020b). When the projectile impacted the surface I of TC4-Al3Ti-Al targets, a compression wave generates at the surface of the targets. When the compression wave reaches interface II, the reflection and transmission would occur at interface Ⅱ, and when the tensile wave reflected at interface Ⅱ reaches surface Ⅰ, it again reflects to form a compression wave. So the first layer of laminated composites generated large internal stress and underwent bending deformation. The compression wave transmitted at interface Ⅲ also reflects and transmits at interface IV, causing the backplate to undergo bending deformation. Generally, the impedance of the middle layer is smaller than the wave impedance of the front panel and the back panel, so the stress wave will be continuously reflected at the interface of Ⅱ and Ⅲ, and both are compression waves. The stress wave is continuously deformed and deformed until the panel and back panel are bent through continuous reflection and transmission.
[image: Figure 7]FIGURE 7 | Schematic diagram of stress wave propagation in a three-layer structure.
Figure 8 shows the stress wave propagation inside the TC4-Al3Ti-Al laminated plate structure, when the bullet with a speed of 1100 m/s penetrates the target.
[image: Figure 8]FIGURE 8 | Stress nephogram of TC4-Al3Ti-Al targets under 1100 m/s bullet velocity. (A) t = 4 µs, (B) t = 7 µs, (C) t = 16 µs, (D) t = 28 µs, (E) t = 50 µs, (F) t = 105 μs.
When t = 4 µs, the projectile first impacts the surface of the plate target structure and forms stress waves inside the structure. The stress waves are reflected and transmitted continuously at the interlayer interface, which causes continuous bending of each layer material. The stress distribution inside the structure is roughly conical at the moment. The cone top position is about 1/3 of the structure, and the bottom width is about 2 times the diameter length of the projectile.
When t = 7 µs, the projectile completes the initial stage of penetration and cratering on the surface of the plate target. At this time, the stress inside the structure still presents a conical distribution, the conical top position is about 2/3 of the structure, and the bottom width is about 3 times the diameter length of the projectile. At this time, there are tensile waves reflected inside the projectile, and the wave front position is about 1/2 of the projectile.
Then the projectile stably penetrates the plate target, resulting in the fracture failure of each layer of the plate target. At the same time, as the stress wave reaches the free end on the back of the plate target, the stress wave is reflected as a tensile wave at the free end. Under the action of the tensile wave, cracks of varying degrees occur between layers that have not penetrated, which can be observed from Figure 8D,E. At the same time, it is found that the tensile stress in the structure is symmetrically distributed with the centerline of the projectile as the axis of symmetry. Finally, when T = 105 µs, the projectile penetrates the plate target.
According to the analysis of the interface propagation characteristics of the stress wave in the TC4-Al3Ti-Al targets, the stress wave produced a complex projection and reflection process at the TC4-/Al3Ti and Al3Ti/Al interface, which is basically the same as the three-layer material stress wave propagation diagram described in the literature (Miao, 2018), indicating that the stress distribution in the composite target is very complicated. Combining with the damage process of the composite target, it can be found that the stress distribution in the composite target has no effect on the composite target. The process has a significant impact.
Energy Conversion
Figure 9 shows the change in the total energy, kinetic energy, and internal energy of the projectile–target system with time, when the projectile had a velocity of 1,100 m/s. It is found that when there is the ballistic impact, the system’s kinetic energy decreases and the internal energy increases. More than 85% of the kinetic energy of the projectile is converted into the system’s internal energy. So, the increase in the internal energy of the system is the main form of the projectile’s kinetic energy dissipation. After the target plate is penetrated, the remaining kinetic energy of the system is mainly the kinetic energy of the projectile and the plug body, and the kinetic energy of some Al3Ti particles, which accounts for about 10% of the initial impact kinetic energy. At the initial stage of the penetration process, the total energy of the system slightly decreased mainly because of mass loss due to erosion of some units during impact.
[image: Figure 9]FIGURE 9 | Projectile–target system energy vs time.
CONCLUSION
This study first optimized the arrangement order and layer thickness ratio of TC4-Al3Ti-Al laminated composites by the coupled finite-element genetic algorithm technique and then analyzed the anti-penetration performance of the optimized composites. The following conclusions can be drawn:
1) TC4-Al3Ti-Al laminated composites with a layer thickness ratio of 3:14:4 have the best anti-penetration performance.
2) The TC4 layer of TC4-Al3Ti-Al targets is a local tensile and shear failure, the Al layer is a petal-like tensile failure, and the Al3Ti layer is grinding and pulverization between particles.
3) The projectile kinetic energy is mainly converted into the internal energy of the TC4-Al3Ti-Al targets.
4) As the number of layers increases, the anti-penetration performance of TC4-Al3Ti-Al targets gradually increases. However, when the layer numbers are more than 30 layers, the increase in the layer numbers has little effect on the anti-penetration performance of the composites.
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