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In the last few years, due to the superior mechanical qualities of Additive Manufacturing (AM) AlSi10Mg alloy to those of traditional casting process AlSi10Mg alloys, the application of AM technology has significantly increased. The ballistic impact research has a wide range of uses, notably in the mining, construction, spacecraft and defence sectors. This work focuses on analyzing the behavior of different projectile nose shapes on the AlSi10Mg alloy fabricated by AM. There are several projectile nose forms to consider, including blunt, hemispherical, conical, and ogive shapes. The impact of various projectile shapes on the ballistic limit of the additively created AlSi10Mg alloy is carefully examined in this study. All numerical simulations were carried out using LS-DYNA software, and the Johnson-Cook material and damage model were considered to assess the ballistic resistance behavior. The ballistic limit for various projectile shapes is computed using the Jonas-Lambert model, which describes the connection between residual velocity and starting projectile velocity. The results showed that, the ogive-shaped Projectile offers the highest ballistic limit, and the blunt projectile shows the lowest ballistic limit for a 5 mm thin target plate. The ballistic impact phenomenon showed plugging failure for the blunt nose projectile, the formation of plug and small fragments were observed in the case of hemispherical nose projectile, fragmenting failure is observed with radial necking in the case of conical nose projectile and petals are formed at the impacted zone in ogive nose shape projectile. Moreover, the ballistic limit of AM AlSi10Mg alloy was slightly higher compared to the ballistic limit of the die-cast AlSi10Mg alloy for the 7.62 mm AP bullet (core). Therefore, AM AlSi10Mg alloy may have equal or good ballistic properties compared to die-cast AlSi10Mg alloy.
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1 INTRODUCTION
Equipment and workforces are regularly sent during international operations to distant, extremely volatile locations across the world, which are typically characterized by dysfunction. Small-arm shooting is one of the main threats encountered in these operations (Børvik et al., 2009); thus, choosing the right amount of protection requires a creative approach. Therefore, it is crucial to have the capacity to locally repair, reinforce, or even overhaul the current defensive measures. The production of protective components using additive manufacturing on-site is an undiscovered but practical possibility. There needs to be more research that examines the ballistic resistance of additively generated metal plates in the public domain despite the promise of quickly improving protective structures (Ngo et al., 2018).
The ballistic performance of the materials against rapidly penetrating objects has long been a significant research topic. Composite structures, ceramics, polymers, and metal alloys, such as titanium, steel, and aluminum, are generally preferred in armor designs individually or in combinations. These materials have some advantages over each other according to the usage area. Low-density aluminum alloys are substantially used in applications where weight is a crucial design criterion.
The development of the AlSi10Mg alloy has accelerated significantly in the last few years because of the application of Additive Manufacturing (AM) technologies. This expansion is ascribed to the alloy’s improved mechanical qualities compared to those obtained using traditional casting techniques. In the AM process, the specific microstructural characteristics, including grain shape, texture, minimal porosity, and residual stresses, are managed by considering optimized process parameters. Among other metal AM processes, Selective Laser Melting (SLM) stands out with its design flexibility, short production cycle, high geometric accuracy, relatively low production costs, and ability to form suitable microstructures. But non-optimized process parameters can lead to a high density of defects, large grain size, high anisotropy, and stress build-up. Therefore, it is important to study the ballistic impact of AM AlSi10Mg alloy and compared its results with conventionally fabricated AlSi10Mg alloy.
The literature review shows that few studies have been found on the ballistic impact of AM AlSi10Mg alloy, and vast data has been found on the ballistic impact of conventionally fabricated Al alloys. AlSi10Mg alloy was created by Li et al. (Li et al., 2016) using SLM technology, and its fracture behavior and microstructure were examined. The yield and fracture stress for various post-processing techniques were compared. In comparison to other post-processing techniques, it was discovered that the vertical component’s yield and fracture stress were greater in the as-built state. The effect of constructed orientation on tensile characteristics of the AlSi10Mg alloy produced by SLM was studied by Rakesh et al. (Ch et al., 2019). They claimed that the constructed orientation had an impact on the tensile qualities, with the vertical component showing higher strength than the horizontal component. On AlSi10Mg alloy created by SLM, Hitzler et al. (Hitzler et al., 2019) conducted fracture toughness studies. According to their research, the fracture toughness of the ordinary bulk material and selectively laser-melted samples was comparable. Through experimental and computational investigations, Kristoffersen et al. (Kristoffersen et al., 2020) examined the ballistic perforation resistance of additively made aluminum plates. AlSi10Mg alloy plates were additively produced on a PBF machine, and their resistance to perforation was evaluated by firing APM2 bullets at various velocities through them. The study compared the effects of AP bullets with and without just the hardcore on the plates. The samples from a block of traditionally die-cast AlSi10Mg alloy with the same chemical makeup as the powder used in 3D printing underwent similar tests. The performance differences in ballistics between die-cast and additive-produced materials were negligible. The investigators concluded that additive-created materials may have ballistic qualities that are on par with or even better than those of conventionally made materials with equal chemical compositions.
Using FEM simulations, Nirmal et al. (Nirmal et al., 2021) investigated the impact behavior of an additively made AlSi10Mg alloy and the ballistic limit of projectiles. The AlSi10Mg that was AM showed plugging and petaling failure upon ballistic hit with hemispherical projectiles, but only plugging failure upon impact with blunt projectiles, it was noted. Hemispherical projectiles were shown to have a larger ballistic limit than blunt projectiles. When Kaya et al. (Oktay et al., 2022) examined the ballistic performance of body-centred lattice structures with different cell heights, they discovered that as the aspect ratio of the unit cell grew, the resistance to penetration improved. The outcomes showed that by optimizing the unit cell height parameter, lattice structures' ballistic performance was improved. In their investigations into the effects of projectile shape and target thickness, Borvik et al. (Børvik et al., 2002a; Børvik et al., 2002b) and Kpenyigba et al. (Kpenyigba et al., 2013) concluded that hemispherical projectiles exhibit a higher ballistic limit than blunt and conical projectiles. In comparison, thicker target plates exhibit a higher ballistic limit. Using the Johnson-Cook material and damage model, Gupta et al. (Gupta et al., 2006; Gupta et al., 2007) carried out both experimental and computational experiments to illustrate the effect of projectile nose shape on aluminum target plates. In contrast to the effectiveness of hemispherical or ogive-nosed penetrators, Wingrove’s (Wingrove, 1973) studies on targets made of aluminum alloy found that blunt projectiles may easily pierce the target if the target thickness to projectile diameter ratio is less than one. Conical projectiles are efficient penetrators, as Othe et al. (Ohte et al., 1982) found. The target’s resistance to perforation reduces as the angle of their nose increases. It was discovered that the critical perforation energies of blunt and hemispherical bullets were the same. To avoid mesh distortion and changing contact problems, Camacho and Ortiz (Camacho and Ortiz, 1997) performed finite element simulations of projectile impact. In the case study involving the collision of aluminum plates with conical-nosed projectiles, they discovered a significant connection between the computational and experimental results.
Based on the preceding research, the goal of this work is to simulate the high-speed impact behavior of an additively built AlSi10Mg alloy using the material parameters that are already known. Ballistic impact simulations using blunt, conical, hemispherical, and Ogive projectiles use the Johnson-Cook material and damage model for the additively manufactured AlSi10Mg alloy. The ballistic limit is determined in this study using the Jonas-Lambert equation to establish the link between residual velocity and initial projectile velocity (Børvik et al., 2002b). The empirical model by Lambert and Jonas assumes that the penetrator is a stiff or non-deformable body. The study investigates the impact of several projectile forms on a thin target plate, determining the ballistic limit for each projectile nose type.
2 FINITE ELEMENT MODELLING
The numerical analysis of the ballistic impact of additively manufactured AlSi10Mg alloy is carried out in LS-DYNA software. This software is suitable for high-strain rate deformation and is, hence, mostly used for impact analysis. The 3D model of the target and the Projectile is created in LS-DYNA software. The 2D geometry of different projectiles is shown in Figure 1. The geometry of the Projectile having an ogive shape was considered as per the core of a 7.62 mm AP bullet. Since the geometry and mass of the ogival-nosed projectile considered are retained, its diameter is used in creating 3D models of other projectiles with different lengths and nose shapes to maintain constant volume for all projectiles. The 3D model of the target and four different projectiles is shown in Figures 2A–D. The square target of dimensions 100*100*5 mm3 and projectiles were modelled as deformable bodies. The target was assigned fixed boundary conditions at the periphery. The contact between the Projectile and target was modelled by employing an eroding surface-to-surface contact algorithm with COF 0.2. The Projectile was considered an enslaved person, and the contact surface of the target was the master surface.
[image: Figure 1]FIGURE 1 | 2D geometry of different projectile nose shapes.
[image: Figure 2]FIGURE 2 | Numerical models of target and (A) blunt (B) hemispherical (C) conical (D) ogive projectiles.
3 MATERIALS FOR TARGET AND PROJECTILE
The material model is important in getting accurate results of finite element simulations, especially for impact analysis. In the present analysis, the Johnson-Cook material and damage model is considered. Eqs 1–3 represent failure criteria, damage parameters and failure damage. The model allows for isotropic strain hardening, yielding, plastic flow, strain rate effect, and softening brought on by adiabatic heating and damage. The equivalent stress (σ), according to the Johnson-Cook model, is depicted in Eq. 1.
[image: image]
where,
A = yield stress at a reference strain rate.
B = strain hardening.n = strain hardening exponent.
ε = strain.
C = strain rate sensitivity.
[image: image] = strain rate
εref = reference strain rate.
m = temperature exponent.
T = current temperature.
Tm = melting temperature.
T0 = reference temperature.
The equivalent failure strain, as shown in Eq. 2, is affected by the analysis of the stress triaxiality, strain rate, and temperature.
[image: image]
where D1–D5 are the empirical coefficients of the materials.
Damage evolution is zero while the material is exposed to elastic deformation. After the cumulative plastic strain reaches a certain threshold, degradation begins to take place. Eq. 3 is an illustration of Johnson Cook’s damage evolution.
[image: image]
pd represents the damage threshold, fracture strain is represented by εf, and Dc represents the critical damage parameter. Elements with nodes and meshes were used to build solid bodies, and each element has a unique damage value. The linked element is removed from the simulation when [image: image] reaches a value of 1.
In the present investigation, the target material was considered additively manufactured AlSi10Mg alloy fabricated through the SLM technique, and the projectile material was selected 4340-H steel. The Johnson-Cook material and damage parameters for AlSi10Mg alloy (Segebade et al., 2019; Oktay et al., 2022) and 4340-H steel (Fras et al., 2015) were taken from available literature and represented in Table 1. As the damage parameters were not considered for steel, the 0.3 value was assigned to the “EFFEPS” parameter in the “MAT_ADD_EROSION” section of the model. The Equation of state function (Mie Grüneisen) for the target material (Fras et al., 2015) and the Projectile (Elshenawy and Li, 2013) was considered from the literature.
TABLE 1 | Johnson-Cook material and damage parameters for target and Projectile.
[image: Table 1]4 MESH CONVERGENCE STUDY
The mesh sensitivity in the target was investigated by changing the element size in the impact zone to 0.15 mm, 0.25 mm, and 0.35 mm, equivalent to 33, 20, and 15 elements at the target thickness. On a target that was 5 mm thick, the ogive projectile struck perpendicular to the surface with an incidence velocity of 663.5 m/s. The resulting residual velocities were 622 m/s, 619 m/s, and 617 m/s, respectively. Regarding residual velocity, the target’s mesh sensitivity was minimal. However, different mesh sizes significantly affected the mode of failure (see Figures 3A–C). The target’s failure mechanism closely matched the failure pattern seen in the experimental investigation (Kristoffersen et al., 2020) with a 0.15 mm element size. As a result, 0.15 mm was chosen as the element size for all simulations. The element size was somewhat raised outside of the impact zone while the aspect ratio remained constant.
[image: Figure 3]FIGURE 3 | Mesh convergence study of the target against Ogive projectile (A) 0.35 mm (B) 0.25 mm (C) 0.15 mm.
5 NUMERICAL MODEL VALIDATION
The validation of the FEA model was done by comparing the FEA results with experimental results (Kristoffersen et al., 2020). The core of a 7.62 mm AP bullet of 4340-H steel material was perforated in additively manufactured AlSi10Mg alloy plates with the size of 100*100*5 mm3. The initial velocities of the projectile were in the range of 200 m/s–725 m/s. The numerical model of projectile and target is shown in Figure 4.
[image: Figure 4]FIGURE 4 | 7.62 mm AP bullet (core) and AlSi10Mg plate numerical model.
6 RESULT AND DISCUSSION
6.1 Validation study
The FEA results are validated with the experimental results available in the literature (Kristoffersen et al., 2020). The values of residual velocities of 7.62 mm AP bullets (core) obtained from FEA analysis were compared with the experimental residual velocities values fitted by the Recht-Ipson model (Kristoffersen et al., 2020). The comparison is shown in Table 2 with error values. The values were in good agreement with experimental values, including Johnson-Cook material model parameters.
TABLE 2 | Residual velocities after penetrations.
[image: Table 2]6.2 Ballistic impact on AlSi10Mg alloy plate
The objective of this research is to carry out a numerical investigation of the ballistic impact phenomena on an alloy made of AlSi10Mg using additive manufacturing. The purpose of the study is to assess the ballistic limit of projectiles with different types of nose forms, such as blunt, hemispherical, conical, and ogive. These projectiles were fired at a thin target plate at speeds between 150 m/s and 450 m/s. The target plate exhibits stretching and ricocheting after impact when the projectile’s initial velocity is lower than its total penetration velocities. The plugging failure that occurred after the discharge of a blunt projectile with an initial velocity of 250 m/s is shown in Figure 5. After the bullet strikes the target plate, there are noticeable radial and circumferential strains created. The Projectile’s motion, which moves the target plate in the direction of its trajectory and generates a bending force, results in the deformation. When the tension eventually exceeds the target plate’s tensile strength, a plug separates from the plate.
[image: Figure 5]FIGURE 5 | Penetration and perforation of projectile (blunt) with velocity of 250 m/s (A) 0 μs (B) 32 μs (C) 64 μs (D) 129 μs (E) 226 μs time interval.
Figure 6 shows pictures taken along the travel path of the hemispherical Projectile as it is fired at a velocity of 250 m/s towards a thin target plate. When the target plate reaches its maximal strength point, it punctures, causing the hemispherical projectile’s velocity to drop dramatically. The failure of the target was caused by ductile hole expansion, the formation of a small plug, and the production of fragments owing to fractures along their back edges.
[image: Figure 6]FIGURE 6 | Penetration and perforation of projectile (hemispherical) with velocity of 250 m/s (A) 0 μs (B) 80 μs (C) 161 μs (D) 242 μs (E) 323 μs time interval.
Figure 7 depicts many examples of a conical projectile striking a target plate at 250 m/s. A small fragment failure occurs as the conical-shaped projectile enters the target, which is attributable to radial necking generated by radial stress. The projectile’s 90° nose angle induced catastrophic failure in the target as a result of ductile hole expansion and shear plugging.
[image: Figure 7]FIGURE 7 | Penetration and perforation of Projectile (conical) with 250 m/s velocity (A) 0 μs (B) 32 μs (C) 96 μs (D) 145 μs (E) 193 μs time interval.
Figure 8 depicts the snapshot of an ogive projectile impacting a target plate with a velocity of 250 m/s at various times. Figure 8E depicts the formation of petals in the affected zone following the fracture of the target plate.
[image: Figure 8]FIGURE 8 | Penetration and perforation of Projectile (ogive) with 250 m/s velocity (A) 0 μs (B) 32 μs (C) 96 μs (D) 145 μs (E) 193 μs time interval.
7 EVALUATION OF BALLISTIC LIMIT
Several computational and empirical models exist to estimate the ballistic limit. Lambert and Jonas provided one such empirical model. The penetrator is modelled as a non-deformable or stiff body in this model. The following is the relationship between striking velocity (Vs), residual velocity (Vr), and ballistic limit velocity (Vbl).
[image: image]
Where β and p are model constants.
A typical curve fitting approach is used in current work to determine ballistic limit and Lambert-Jonas model parameters. To fit numerical data to the Lambert-Jonas model, the beginning projectile and residual velocities of blunt, hemispherical, conical, and ogive projectiles from Table 3 were considered.
TABLE 3 | Impact velocity vs. residual velocity projectile nose shapes.
[image: Table 3]The curve fit values of the ballistic limit (Vbl) and the model constants (β and p) obtained from Eq. 4 for the thin target plate formed of AM AlSi10Mg alloy are as follows.
(a) Blunt projectile Vbl = 202.048 m/s, p = 2.99, β = 0.8807
(b) Hemispherical Projectile Vbl = 225.63 m/s, p = 2.3934, β = 0.9539
(c) Conical Projectile Vbl = 233.87 m/s, p = 2.1973, β = 0.9809
(d) Ogive projectile Vbl = 237.5280 m/s, p = 2.4210, β = 0.9289
Figure 9, Figure 10, Figure 11, and Figure 12 show the curve fitting for the AM AlSi10Mg alloy thin target plate’s blunt, hemispherical, conical, and ogive projectiles. The regression curve was created using seven data points and the non-linear least square approach to determine the ballistic limit and Lambert-Jonas model parameters. The regression curves are near 99.8% of the data points. Furthermore, the accuracy of the Lambert-Jonas model and the Recht-Ipson model is comparable (Ben-Dor et al., 2002), suggesting that ballistic limit velocities and Lambert-Jonas parameters obtained using the least-square technique are well-suited.
[image: Figure 9]FIGURE 9 | Residual vs. initial velocity of Projectile (blunt) for thin target plate.
[image: Figure 10]FIGURE 10 | Residual vs. initial velocity of Projectile (hemispherical) for thin target plate.
[image: Figure 11]FIGURE 11 | Residual vs. initial velocity of Projectile (conical) for thin target plate.
[image: Figure 12]FIGURE 12 | Residual vs. initial velocity of Projectile (ogive) for thin target plate.
Further, the ballistic limit of the blunt Projectile was found to be minimal compared to other projectile nose shapes because the target thickness (5 mm) to projectile diameter (6.06 mm) ratio is less than one, which resulted in easy perforation of the target (Wingrove, 1973). Also, the ballistic limit of the conical Projectile was higher compared to hemispherical and shape projectiles, which was in line with the results found in the literature (Rodriguez-Millán et al., 2014; Senthil et al., 2018; Nirmal et al., 2021). The ogive-shaped nose projectile requires more energy to perforate the target at a higher velocity, which has resulted in a higher ballistic limit, and the residual velocity of the ogive projectile was less compared to another projectile (Raguraman et al., 2008).
8 CONCLUSION
The numerical examinations of ballistic impact on additively made AlSi10Mg alloy with variable projectile nose shapes have been done in this paper. The impact of diverse projectile shapes with varied velocity and ballistic limits has been explored. For the additively created AlSi10Mg alloy from the literature, the Johnson-Cook material model and damage model were used. Based on the findings of the above investigation, the following conclusions were reached.
• The numerically investigated ballistic impact results of AM AlSi10Mg alloy were compared with the experimental results available in literature by considering the ogive shape of the projectile. It was observed that the percent error in ballistic limit was between 0.8% and 2%.
• The ballistic impact phenomenon showed plugging failure for the blunt nose projectile; the formation of plug and small fragments were observed in the case of hemispherical nose projectile, fragmenting failure is observed with radial necking in the case of conical nose projectile and petals are formed at the impacted zone in ogive nose shape projectile.
• The ballistic limit and associated parameters for projectiles with varied nose shapes are determined using Jonas and Lambert’s model. In contrast to other projectile nose shapes, the ballistic limit of an ogive nose shape projectile is found to be the highest and the ballistic limit of a blunt nose shape projectile is found to be lowest for AM AlSi10Mg alloy with a thickness of 5 mm.
• The ballistic limit of ogive nose shape projectile is found to be higher by 14.93%, 5% and 1.5% compared to blunt, conical and ogive nose shape projectile, respectively.
• The ballistic limit of additively manufactured AlSi10Mg alloy (238 m/s) was slightly higher compared to the ballistic limit of the die-cast AlSi10Mg alloy (223 m/s) (Kristoffersen et al., 2020) for the 7.62 mm AP bullet (core). Therefore, additively manufactured AlSi10Mg alloy may have equal or good ballistic properties compared to die-cast AlSi10Mg alloy.
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