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Abstract

An analytical model is developed to study the ballistic behavior of multilayer composite armors subjected to the high-velocity impact of projectiles with arbitrary
angle of incidence, shape, size, and frictional characteristics. The thickness compaction resulting from the production process is also accounted for, quantifying the
role of the curing pressure on the enhancement of the impact toughness of composite laminates. Finite element method simulations are used in a complementary
manner to study damage and failure mechanisms within the targets. Both approaches are validated by extensive experimental ballistic tests on multilayer composite
targets. The role of the layer stacking sequence is also investigated. It emerges that graded multilayer configurations yield higher toughness when the projectile
penetrates plies with decreasing fracture strength. These results can explain common structural arrangements in biological armors as well as be exploited in the
design and optimization of shielding structures against high-velocity projectiles

1. Introduction

One of the main challenges in the technology of protective armors, is the achievement of the highest protection levels —as defined by related standards [1]—
against high-velocity penetrators even when a massive system, either in terms of size and weight, is neither desired nor suitable for the specific application. For
example, lightweight shields are fundamental to ensure an efficient mobility to terrestrial vehicles, aircrafts, and spacecrafts [2] while mechanical flexibility is
desired to guarantee ergonomics in body armors for defense or sports applications [3].

Body armors are generally manufactured with fiber—matrix composites [4] due to their lightness and good ballistic protection in terms of kinetic energy
dissipation per unit mass. They are generally formed by assembling layers of unidirectional (UD) or woven fabrics made of highperformance fibers embedded in a
thermosetting resin, which holds the desired shape to the armor [5]. These high-strength fibers include the families of para-aramid (Kevlar®, Twaron®, Technora®),
highperformance polyethylene (Spectra®, Dyneema®) and, more recently, ®
Polybenzoxaloze (Zylon ). All the above fibers are characterized by a high tensile modulus over density ratio and specific toughness [6,7]. Composites are also
acknowledged to possess good corrosion resistance [8], damage tolerance [8,9], and fatigue properties [10] with respect to traditional armors materials, such as
metal alloys. Another important characteristic is the limited degradation of properties after multiple impact events, which guarantees the long-term survivability of
the protective systems in harsh environments [11]. In order to protect against high-velocity and penetrating masses (e.g., armor piercing projectiles) a hard-face
ceramic layer can be introduced in order to first damage and shatter the projectile [12,13], while the residual kinetic energy is dissipated through the deformation of
the backing multilayer composite package [14,15]. This solution can be considered, to some extent, bio-inspired as it can be found in many examples of natural
dermal armors, evolved to protect against the bite of predators, which are composed by an external hard mineral layer and a fibrous multilayer collagen substrate
[16-18].

Experimental testing has represented for a long time the most straightforward method for achieving required levels of performance, but it is generally costly,
time-consuming, and often not sufficient
for obtaining a significant amount of data, as well as in a systematic form, for optimization. Numerical simulations are relatively cost- and time-effective, but require
a relatively high computing power and resources depending on the level of detail. They may also present some intrinsic limits, especially when dealing with
multiphysics and multiscale phenomena. Analytical methods are an important alternative whenever closed-form mathematical equations can be set up to describe
the dominant physical phenomena that occur during the impact event, as long as the assumptions inherent in the model are applicable. Several studies about the
analytical modeling of ballistic impact of multilayer fabric panels [19-26], based either on energy or momentum balance, are available in the literature.

While fiber mechanical properties are important, the structural assembly plays a key role in determining the ballistic protection performance of multilayer
armors. For example, the orientation and the geometry of the yarns can significantly change the constitutive response of the ply [7]. The importance of compaction
in the curing process for the final performance of laminates is also widely acknowledged in the industry. For example, Hubert and Pousartip [27] experimentally
investigated the role of the textile orientation, of the component geometry and of their interaction on the resin flow in the mold in determining the final quality of
the composite. However, a comprehensive and consistent theory for explaining and quantifying the role of hot pressing on the improvement of impact performances
has hitherto to be reported and included in related models. Indeed, the increase in the fiber volume fraction, due to resin flow and leak outside the mold, may not be
able alone to explain the scaling of impact properties [7,12,28].

Nowadays, non-linear finite element method (FEM) approaches are capable of modeling the primary mechanical phenomena that occur in high-velocity impact
events such as contact, inter-layer delamination, material constitutive response, fracture and fragmentation [1 1], making possible the accurate replication of ballistic
tests and their partial substitution in the design and optimization process [12,29—31]. Such codes include sophisticated constitutive models, also accounting



for strain-rate effects and anisotropic failure criteria, which enable the modeling of the most complex materials and structural configurations. In this regard, the
accuracy and prediction capabilities in the design process of such models primarily rely on the accurate characterization of the mechanical properties at the laminate
and sub-laminate levels [7].

In this paper we propose an analytical model and a FEM simulation framework to study the ballistic performance of multilayer composite armors subjected to
the impact of high-velocity penetrators (300-800mys). The aim is to study the effects of both material and structural assemblies on the scaling of the protection
capability, towards optimized solutions. Acknowledged penetration models based on conservation of momentum are here extended to multilayer and heterogeneous
targets. The effect of thickness reduction by pressure compaction is included in the model by scaling the failure strength of the laminate materials according to
Linear Elastic Fracture Mechanics (LEFM); this interpretation is further confirmed by quantitative experimental comparison via a fractal energy dissipation
approach. The role of the layers stacking sequence, in terms of materials strength distribution through the thickness, is also investigated. Analytical and numerical
results are extensively validated against experimental data from ballistic tests, showing very good prediction capabilities in terms of impact toughness, deformation,
and damage upon several impact scenarios, including heterogeneous targets and oblique collisions.

2. Methods
2.1. Analytical impact model

The variables considered in the penetration model are: the geometry of the target (the number of layers and their stacking sequence and thickness), the materials
properties (failure strength and its strain-rate dependence, and density), the projectile impact characteristics (mass, velocity, and obliquity) and geometry (diameter
and profile).

Dissipation of energy via inter-layer delamination is neglected, since marginal if compared to other mechanisms. Energy partitioning into heat, either due to
deviatoric or volumetric compression, is not accounted for in this model. Indeed, in the regime of interest thermal effects are generally considered negligible [32],
as later confirmed by results. Parallel, some experiments would confirm that this assumption is reasonable up to 700-800nvs, when melting may start to occur for
the thermoset resin or PE fibers [33].

Assuming the conservation of momentum according to Newton’s second law of motion, the reduction of the instantaneous velocity 2 of a projectile penetrating
a bulk target can be computed, by integrating the following differential equation, if an expression of the net resisting force 4 acting on the projectile of mass 7z is
known: dzdz
m=mv=-=F, (1) de dh
where £ is the instantaneous depth of penetration of the projectile in the target. Considering the dissipation of the projectile kinetic energy in a volume of target
material defined by the projectile imprint radius 7-and by the laminate thickness £ /4 can be assumed as a first approximation to be constant and equal to o77°,
where o is the material fracture strength. This means that the relation between the residual projectile kinetic energy (A7) and its initial impact value (A4p) is linear,
with unitary slope and intercept #7[12]. This result is far from the reality, being the slope generally lower than the unity, due to additional dissipation, such as
projectile deformation and the generation of ejecta. Moreover, by assuming a constant expression for #’strain-rate effects are not taken into account and the material
strength is assumed to be equal to its nominal static value. To include rate-dependence, the armor material strength can be written as a quadratic form of the current
impact velocity z[34]:

[ ) (G

xr v
1

o= oy ay+ Voo V-, (2)

= gy [35] is a characteristic velocity, which is a function
where /
of the static fracture strength of the material gy and of its density g in the undeformed state. The dimensionless coefficients @, @, and @ modify the plate strength
taking into account the projectile shape effects [36]:
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where 4, 4, and 4, are dimensionless coefficient experimentally determined for different constitutive models [35,37], which can be obtained from the best fit of
ballistic curves from perforation experiments. The quantities /, /; and _/ are shape functions, which depend on the impactor geometry. Defining the projectile profile
with a function (), we have [36]:
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where 34 is the derivative of the profile function along the axial direction of the projectile (1), # is the dynamic friction coefficient between the impactor and the
target, and 4 is the line integration domain corresponding to the instantaneous depth of penetration in

Fig. 1. Notation of geometrical quantities in the analytical model. y is the function describing the projectile shape as a function of the axial coordinate .. //is the current depth of penetration of the
projectile in the Ath layer.

the material (Fig. 1). Thus, with Egs. (4) it is possible to take into account the role of different projectile size, shape, and friction on the penetration capability for a
given initial impact kinetic energy. Note that for 77— oo the shape effect given by Egs. (3) vanishes and that, when @ = @, =0, o= gya represents the nominal static
strength corrected by the projectile shape factor.

Let consider now a multilayer target made of a stacking of /layers of arbitrary thicknesses #;and different incompressible elasticperfectly plastic, homogeneous
and isotropic materials, each of them with strength gz We define as /;the exiting velocity of the projectile after its passage through the /~th layer. Eq. (1) applied to
a single layer of the laminate becomes:
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Note that, in this model, the laminate materials are then approximated as homogeneous and isotropic, with material properties (strength opand density) derived as
for a rule of mixture from those of single constituents [7]. Through the solution of the integral of Eq. (7) it is possible to find the residual velocity /;of the impactor
after the penetration of the /4th layer. When /= 0 it is possible to determine the final depth of penetration /4, by summation, as:
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The integral appearing in the Eqgs. (7) and (8) is not trivial. In order to obtain a closed-form solution we assume that & ;= 0, according to the acknowledged
Poncelet approximation [36,37] and consistently with experimental observation in the literature [38]. Accordingly, Eq. (7) can be rewritten, after some operations,

as: ( )
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At this point, being the argument of the integral at the left-hand side the derivative of a logarithmic function, the velocity /;of the projectile after the passage of the
/th layer can be explicated as a function of the residual velocity /- after the perforation of the overhead layer:

Vo
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The above expression is valid as far as the argument under the square root is positive or equal to zero. If this condition is not satisfied, it means that the projectile
has been stopped at the penetration of the /th layer and the corresponding final depth of penetration /4 can be calculated as follows, accordingly to Eq. (8):
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The obtained result is consistent, since higher penetrator’s mass 7z or velocity /; would result in higher depth of penetration, while higher target strength o and
density, and imprint radius 7-yield lower /Z. Note that the above solutions, recursively applied for a series of layers, represent a generalization of classical penetration
models to multilayer and heterogeneous targets with an arbitrary stacking configuration.

Considering the more general case of non-normal impact with arbitrary obliquity —or angle of incidence— £ (yaw angle between the projectile axis and the
velocity vector assumed to be zero), the projectile imprint nearly becomes elliptical of area 4 = zc:a;, with the semi-mayor and semi-minor axes given respectively
by the following relations:
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where ¢is the axis in the motion plane of the penetrator, & the one along its orthogonal direction, and & is the angle of the damage cone through the thickness,
which is about 45° for composite materials [12, 38]. Thus, the resisting force for the\ Zth layer becomes = J/M/Jfand, by posing 77= c«Z;in Eq. (6), a further
generalization of the model for oblique impacts is obtained. Thus, in this configuration, the capacity of the projectile to perforate the target is proportionally reduced
with increasing impact incidence 4. We highlight that the symmetry assumptions of this model represent a simplification with respect to the real scenario in terms
of material orthotropy. Moreover, the shape of the perforation crater can assume more or less complex shapes depending on various factors, such as the material
properties, layer stacking sequence, and impact velocity. The effects of such discrepancies could be incorporated in our model in the fitting parameters 4,(cf. Eqgs.
3).

Besides strain-rate effects (Eq. (2)), the ratios a/p and Z/p, respectively the specific material strength and stiffness, can be generally considered as material
constants [39]. However, in the case of composites the situation is more complex. The thickness compaction resulting from the cleavage process would result in the
reduction of number and size of defects at different dimensional scales, namely: surface, interface and volume porosity, macroscopic voids generated from complex
geometries (e.g., at sharp corners), resin-rich areas, poor bridging at junctions, fibers/bundles rearrangement in the woven.

Let consider the compaction process during the cleavage and curing of woven textile-epoxy composites [27]. Assuming a compressible material, the lateral
confinement implies o « ¢ and, consequently, the characteristic fracture strength of the material is expected to scale similarly, namely oy« ¢'. However, under
this assumption the role of defects, always present in materials and especially in fiber-reinforced composites, is neglected. The well-known energy approach
proposed by Griffith [40] for the problem of a tensioned plate of unitary thickness with a pre-crack of length 2z yields the following LEFM relation of dependence
between the characteristic material strength and the size of the characteristic crack:

R

YA/
RC=, (13)
na

N
where (¢ is the material fracture energy, and Ac= £ its fracture toughness. The characteristic crack half-length « is proportional to the minimum dimension of
the body, which represents an upper limit to the size of defects. In our case, this limit is represented by the thickness #of the single ply (thus @ « 7). Recalling that
p« £, Eq. (13) yields the following scaling law:
4

_ -0, (14)
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which shows the beneficial effect of thickness reduction by compaction, e.g. by employing higher curing pressures, on the material fracture strength and, thus, on
the armor toughness. Consequently, we introduce the scaling law of Eq. (14) in the analytical model by mean of the quantity 7= 7%, here defined as compaction



factor, namely the ratio between the laminate thickness after compaction and the nominal thickness of the uncured material (0 < 77 < 1). The nominal strength oy in
Eq. (2) is then replaced by oy ¢, which includes compaction effects:

-3

RC= a2, (15)

where 7 has to be empirically correlated to some characteristic parameters of the production process, for example the cleavage pressure or temperature, or the
volume of resin flown outside the mold. This correlation is beyond the scope of this paper.

2.2. Finite element simulations

The LS-DYNA® v971 R10.1 solver by Livermore Software Technology Corporation [41] was used in this study. The simulated targets are comprised of a
circular plate (only one quarter is simulated due to the symmetry of the system, one half in case of oblique impact) with radius #= 60mm, which is sufficiently
large to avoid edge effect. Plates are fully clamped at the boundary.

The 8-node solid-shell (also ‘thick-shell’’) element, developed by Liu et al. [42], based on the Reissner—Mindlin kinematic assumption is employed for the
target. This element formulation (ELFORM=1 [41]) allows the implementation of laminate shell theories. Being also the thickness a geometrical quantity, unlike
in the classical thin-shell formulations, another advantage of the thick-shell is the computation of deformation in the out of-plane dimension, making this element
formulation particularly accurate for the treatment of the high compressive contact stresses generated in the plies by transverse impact [43]. A reduced single-point
in-plane integration rule is adopted. Although higher order in-plane integration schemes, e.g. 2 X 2 Gauss quadrature, could be chosen, we opted for this formulation
since low-order integration schemes are the most stable when elements become largely distorted, as may happen in high-velocity impact simulations. Since single-
point quadrature is related to a reduction of the stiffness matrix, spurious zero-energy modes of deformation (also known as hourglass modes) may arise, as usually
occurs under high concentrated pressures. A viscous-form hourglass control [44] is used in the simulations (LSDYNA hourglass type 3 [41]). We have verified that
the artificial energy introduced to mitigate hourglassing is below 5% of the deformation energy at each simulation timestep, both for the whole model and separately
for each of its deformable subparts (layers). One element through the thickness is used to model the single plies. The thickshell elements are sampled with 14
integration points (IPs) through the thickness of which the 6 innermost are associated to the core of woven textile, while the outermost (4+4) are attributed to the
epoxy matrix, if present. MAT-58 (LAMINATED COMPOSITE FABRIC [41]) is used to simulate the fabric materials. This is a continuum damage model based
on the Matzenmiller—Lubliner—Taylor theory [45], intended to describe the failure of woven fabrics and composite laminates also accounting for post-critical
behavior in tension, compression, and shear. This material model has been chosen also for its compatibility with the adopted thick-shell formulation and extensive
validation for this kind of problems in the literature. Detailed information and discussion about
the integration scheme and the characterization of parameters for the material model are given in the study of Ref. [7].

The time-step 47 used for the integration of the solution is selected on the basis of the mesh size in order to correctly describe the elastic wave propagation
through the medium. Being 2 the propagation velocity of the elastic wave in a 3D linear elastic isotropic and homogeneous material given by

_ E(1-v)
7 V p(1 +v)(1 - V)’ (16)
the minimum time-step is computed as:

VA
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where / is the minimum characteristic edge size among all elements of the model. For the thick-shell element /= /4., where /s the volume of the element, and
A, its larger surface (which minimizes 47). Consequently, Z generally corresponds to the element thickness. In order to be conservative for the solution stability the
wave speed velocity is computed for all simulations considering the stiffer phase of the composite, that is the fiber fraction, which minimizes the timestep. The
initial time-step is automatically adjusted during the simulations upon the deformation of the elements, which may reduce the current / with respect to the initial
undeformed state. The convergence test with respect to the mesh size is shown in Figure S1 in the Supplementary Information for two exemplary cases,
demonstrating the convergence for the used characteristic mesh size of 0. lmm.

The adhesive contact interaction between the different plies, obtained via the curing process, and related delamination are implemented via a stress-based
segment-to-segment tiebreak-type contact (LS-DYNA Option 6 [41]). Considering a pair of adjacent nodes belonging to two neighboring layers, these are initially
tied and the contact interface can sustain traction. A stress-based law is implemented to define the constitutive behavior of the adhesive interface, which fails when

the following condition is satisfied [41]: ( 5L )?( sl )2>

+ 1, (18)
gL all

where 51 and ) are the current normal and tangential stresses between two (initially) welded interface nodes, while o and oj are their corresponding limit values,
which, in general, are different, thus defining an elliptic domain. We have assumed, conventionally, . = 0.35GPa and o= 0.10GPa for all simulations. Once the
nodes separate the contact locally switches to a segment-to-segment penalty algorithm and the layers can mutually interact with friction. The kinetic friction law
used in the contact model to compute the current friction coefficient #, as a function of the static and dynamic values, / and 4 respectively, assumes the following
typical velocity-weakening expression:

#= iyt (us— )€ 7, 19)

which is a function of the relative velocity « of the sliding nodes, and yis a decay constant. The same friction law applies for the contact between the projectile and
the plies of the target. An eroding segmentto-segment contact is used between the projectile and the target layers (4« = 0.40 and s = 0.30 [46]): in this case the
SOFT=2 option [41] is activated to minimize interpenetration, given the high mismatch between the stiffnesses of the projectile and of the composite materials of
the target. No further scaling of the contact stiffness was operated.



Fracture of the plies is implemented by mean of element erosion, which is based on the failure criterion for the specific material model (MAT-58 [45]): when
the failure condition is reached at all the integration points, the element is deleted from the simulation, properly accounting for its energy components in the overall
balance.

The total simulation time for all simulations is of 0.07ms, which ensures complete stop or penetration of the target with stabilization of the projectile residual
velocity (/.s). More details about the caracterization of the material properties and on contact parameters used in the model can be found in Ref. [7].

2.3. Materials

In order to validate the developed analytical model and the FEM framework, 43 composite targets made up of laminates reinforced with various traditional
(Carbon, Kevlar®, and E-glass) and innovative (Twaron®, Innegra®) fabrics or made up of polyethylene-based plain textiles have been tested under ballistic impact.
The material properties of the fiber and the matrix were obtained from the technical sheets of the textiles provided by the producers (see Table S1 in the
Supplementary Information for textile products specification). Geometrical and composition characteristics of the laminates are reported in detail in the same Table
S1. Some of the fibers, bundles and related laminates (carbon of target 5, E-glass of target 4 and para-aramid of targets 8, 11-16, 21-26) were extensively
characterized in a previous work by the authors [7] and found to be in very good agreement with the technical specifications in terms of both mechanical (strength,
elastic modulus, failure strain) and volumetric properties (bulk density, areal density, fibers diameter). The knowledge of the technical characteristics of the textile,
the geometrical characteristics of each target, and the weight of resin (Whenever present) and of the textile allows to determine the fiber volume fraction of each
laminate and to derive the stacking and the integration scheme to be adopted in the analytical and FEM models, respectively. The thermoset resin is for all the
targets a Bakelitew EPR L 1000 set with density g, = 1135kg/m® and fracture strength o7, = 72.3MPa.

Regarding the experimental ballistic tests, each plate was lent against a block of soft wood, in order to stop the exiting projectile and measure from the depth of
penetration the residual projectile velocity, knowing the perforation depth for a direct shot without interposed target. The two different tested projectiles were shot
from a Trabzon gun at a distance of Sm from the targets. For this study we compare the results of a Remington 9mm FMJ Parabellum, a fragment simulating
projectile (FSP 0.22in). The geometry of the analyzed projectiles is reported in Figure S2 in the Supplementary Information. A spherical steel bulk impactor of
radius 5Smm and mass 4.1g is also used as reference solution in the analytical model. The corresponding shape functions, calculated according to Egs. (4), are
reported in Table S2 in the Supplementary Information. The impact velocities /; for the projectile and the fragment are reported in Table S1 in the Supplementary
Information for each of the tested cases.

3. Results and discussion
3.1. Beneficial role of compaction on impact toughness

Considering a different approach, as demonstrated in a previous work [47], upon fracture energy is dissipated in a fractal domain, whose dimension 2 is
intermediate between an euclidean surface (2= 2) and a volume (£ = 3). By extending this concept to penetrated armors, the absorbed kinetic energy by material
failure is:

Wabs = K0 — Ares < mD)(AAZ) 03, (20) where the fractal exponent is 2 < 2 < 3, wp, is the dissipated energy per fractal unit volume, and / is the ratio between the
actual damaged volume and the nominal ‘‘impacted volume’’ 4¢= 77°¢ (projectile imprint in case of axisymmetric geometry). In the limit case of /.= 0 after the
complete perforation of the protective layer and assuming u/py/ as a material constant, it follows:

[1 mu p|vo
T = AA¢, @n
2 p mp) where 0 < ¢'< 1 is the fraction of energy dissipated in the impact zone and not instantaneously propagated away by elastic and shock waves. Defining 47

= pAtas the penetrated material mass, it is possible to determine the critical (i.e., minimum) areal density required to stop the projectile, as a function of the material
density:
[ ( ) M| = pl||erit= 212 2 pmD) YD AAp X p1-3D. (22)
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Since 1-3/2< 0, the beneficial role of thickness compaction is further confirmed. We highlight that 2= 3 (i.e., Wp-3)= ot fracture strength) corresponds to oo £
= const. (no scaling), the LEFM scaling (oo £*?) corresponds to 2= 2 with w(p-»= Gt (fracture energy), while 2= 2.5 (wp-25,= AC, fracture toughness) represents
an intermediate case.

The results obtained by application of Eq. (22) are shown in Fig. 2, which reports the values of the normalized critical target mass A74|||..;:—or, equivalently, the
critical target areal density— as a function of the normalized plate thickness, namely the compaction factor 7. In the same figure we report the results of the analytical
model incorporating LEFM (Eq. (15)), calculated for the three projectiles used in this work. The thickness compaction is predicted to affect mostly the protection
against the Remington 9mm projectile, which among the three considered penetrators shows the higher relative increment in impact energy absorption due to
material compaction. On the contrary, the fragment emerges to be the less sensitive to target compaction. To give an order of magnitude of the compaction effect,
the fractal model (Eq. (22)) predicts that a thickness reduction of 20% (7= 0.8) by constant mass would correspond to an increase of 11.8% of the armor critical
energy for 2=2.0, +4.5% for 2= 2.5 and, obviously, no improvement for 2= 3. As expected from the assumptions, the results from the analytical model yield a
scaling close to 2= 2.0. The slight discrepancy between LEFM and corresponding fractal exponent can be imputed —but not limited— to the considered strain-rate
and projectile shape effects.

In order to verity the proposed fractal scaling relationship between material compaction and energy absorption capability, we evaluated via analytical calculation
the critical thickness for the experimentally tested targets, that is the minimum thickness required to stop the projectile, for given properties of the single layers and
the initial impact condition (projectile type and kinetic energy). Practically, we determined from Eq. (11) the minimum penetration depth which yields /,.s= 0, for
each of the tested plates. The results are reported in Fig. 3 and corresponding computed Z; values are reported in Table S1 in the Supplementary Information. From

7



the best fit of the data we determine 2~ 2.2 for para-aramid targets and 2= 2.5 for carbon based targets, while a negligible effect of compaction is observed for
plain polyethylene-based textiles. The latter result can be easily explained by the absence of the resin and the quasi-incompressibility of the polyethylene textiles
(Poisson’s ratio equal to 0.46). The higher value of 2 for carbon composites with respect to para-aramid could confirm that these fibers are less adapt to be employed
for ballistic protection as also predicted by the Cuniff criterion [6,7]. However, this could also mean that there is a lower margin for improvement due to a higher
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quality of carbon laminates with respect to PA ones in this study.

On the other hand, in the case of composites the formation of micro-cracks due to excessive compaction should be taken into account, especially if the pressing

occurs after the partial or complete setting of the epoxy resin. This could yield to a progressive and distributed

Fig. 2. Scaling of the critical target mass (minimum mass required to stop a projectile with given projectile impact kinetic energy) as a function of the compaction factor 7. The condition 77> 1 indicates
ideally ‘‘expanded’” armors, as opposite to compacted ones; this condition could represent, for example, weaker samples derived from defective cleavage (cf. targets 21 and 23, Table SI in the
Supplementary Information). The fractal laws derived with the three characteristic scaling exponents (Eq. (22)) are compared with the results of the analytical model implementing LEFM (Eq. (15)),

computed for the three analyzed projectiles and assuming null friction.
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Fig. 3. Scaling of the normalized critical thickness vs. the normalized target density for: (a) Para-aramid based composites under projectile impact; (b) carbon based composites under projectile impact;
(c) UD polyethylene plain textiles under projectile impact; (d) UD polyethylene plain textiles under fragment impact. The best fit exponent corresponds to —3/2. The critical thickness is normalized
with respect to the ratio 477 in order to compare different impact scenarios (in terms of projectile kinetic energy, projectile imprint radius, and composite strength, or volume fraction) on the same
graph. The density of the target is normalized with respect to s, which is the lower density among the targets of each material subgroup, assumed as the nominal uncompacted configuration. Impact
conditions (in terms of velocity /5) and other quantities are reported in Table S1 in the Supplementary Information.
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Fig. 4. (a) Analytical ballistic curves (result of Eq. (10) at different /{) for different compaction ratio 77 compared with the results of finite element simulations (empty dots) and experiments (filled dots)
on targets 8, 11, 13, and 15 based on para-aramid textiles. Error bars for FEM results come from the repetition of tests by accounting for the variance of the material properties of single constituents
(fiber and matrix) as characterized in Ref. [7]. (b) experimental images of the rear faces of targets 8, 11, 13, and 15 (Table S1 in the Supplementary Information) after the impact of the Remington 9
mm projectile at /o= 360m/s. Simulation images for plates 11, 13, 15 are available in Ref. [7]. Experimental

pictures courtesy of Vemar Helmets S.r.L., Italy.

damage and then to a decrease of the Young’s modulus and strength of the matrix phase, of the matrix—fiber interface, and thus of the whole composite. This
suggests to adopt, whenever possible, a cleavage pressure up to the matrix compressive strength limit, which is about 60 to 120MPa for epoxy, before material
degradation. However, actual values of pressure currently used in cleavage (about 15 to 20MPa [27]) are very far from this limit and the use of higher pressures
should be thoroughly investigated.

3.2. Models validation and ballistic curves

With the results in terms of projectile residual velocity obtained from the analytical and FEM models it is possible to reconstruct the ballistic curves of the
targets, i.e. the /s — /; plot. Assuming for the entire plate a homogeneous fracture strength o; the /s— /;relationship assumes the following general expression
resulting from energy balance, also known as Lambert—Jonas approximation [48]:

(r  24dp)zndy
Vres =/ VO TY—m (23)

where pis generally equal to 2 for rigid projectiles, such as in our case, and /"is a model-dependent coefficient which can be assumed equal to unity by neglecting
target ejecta [49].

Fig. 4.a reports the analytically-derived ballistic curves (Eq. (10)) for the multilayers based on the Para-aramid 170 textile (Table S1 in the Supplementary
Information). It can be seen that the analytical results follow the classical form expressed by Eq. (23). By scaling the thickness, the density and the strength of the
target according to LEFM, curves for different compaction factor 7 are obtained. Fig. 4.b reports the comparison between the plates 8, 11, 13 and 15 (see Table S1
in the Supplementary Information). Plate 8 is the only one among the considered that is not perforated despite the slightly higher impact velocity (+10m/%) with



respect to the others. With respect to target 13, target 8 has a greater compaction, i.e. 7= 0.83. Plate 13 has the lowest compaction level among these four targets
and it is assumed as reference uncompacted plate. Plate 11 and plate 15 have the same compaction with respect to plate 8. The best performance of target 8 with
respect to 11 and 15 could be explained with the slightly greater cleavage temperature that could interact in synergy with the machine pressure to reduce defects,
by enabling a more homogeneous resin flow. Additional results of numerical simulations for 7= 1 and 77 = 0.83 at different impact velocities are reported in Fig.
4.a, showing good agreement with the scaling predicted through the analytical model.

Table S1 in the Supplementary Information reports the residual projectile/fragment velocity /. recorded from experiments, finite element simulations and the
prediction by our analytical model for the 43 tested targets. The results are in good agreement, despite the statistical variation of mechanical properties. This is also
as a result of the quality and homogeneity of the production process and confirms that dissipation by delamination as well as by thermal effects can be considered
within the limit of variance of mechanical parameters for the investigated velocity regime. A mismatch of model results, obtained

Fig. 5. Evolution of the projectile velocity vs. penetration depth for the plate 34 (heterogeneous stacking of Kevlar
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® ® , Innegra and carbon-based composite, K-I-C, blue
curves) and comparison with its symmetrical counterpart (C-1-K, red curves). A better shielding performance (i.e., in terms of energy dissipation and penetration depth) is observed when the projectile
perforates materials with progressively decreasing strength. Continuous lines refer to the z— / profiles computed with the analytical model, while the dashed lines
depict the results of FEM simulation.

by both equations and FEM, in only two plates (nr. 21 and 23) over a total of 43 analyzed let also to identify those plates with some issues in the production process,
as confirmed a-posteriori by the manufacturer.

The strength distribution of materials trough the armor thickness is expected to affect the energy absorption. Moreover, considering the strain-rate dependence
of materials strength (Eq. (2)), the penetrator, due to its progressive deceleration, would experience a different resistant force from the same material depending on
its relative position in the laminate thickness. To simplify, assuming two materials A and B with impact strength g, > g, a higher energy absorption is expected
for stacking sequence A—B with respect to configuration B—A. The hybrid plate 34 (see Table S1 in the Supplementary Information) can be used to test this
concept, since composed by a total of 44 layers of three different materials: 20 layer of Kevlar®, 20 of Innegra®, and 4 of Carbon T300 (denoted as configuration
““K-I-C”’), thus with progressively increasing nominal fracture strength oy .faced by the projectile. Parallel, we numerically and analytically studied the symmetrical
configuration, denoted as *‘C-I-K’’, i.e. testing the perforation of the same armor from two opposite sides. Fig. 5 shows the evolution of the impactor velocity z7vs.
the instantaneous penetration depth / obtained from the analytical model and the FEM simulation for the two configurations. Both experiments and numerical
simulations return a null residual velocity for the K-I-C configuration and a perforation of about 42 layers over 44, in agreement with experimental results (see
Table S1 in the Supplementary Information). For the C-I-K sequence the model and the simulation both predict no perforation, but with a total penetration of 29
layers corresponding to Zc1.x = 7.9mm. Therefore, a preferential order of layers is confirmed by both analytical model and FEM simulation. Moreover, the z— A
profiles obtained by the two different tools are in very good agreement with each other, showing that the proposed analytical model can be exploited for quick yet
reliable design and verification of composite armors.

The model has also been tested for oblique impact. Fig. 6 shows the experimental results on the target 12 (para-aramid) under different angles of incidence £ of
the projectile, ranging from 0°to 46°. Parallel, FEM simulations with obliquity between 0°to 75° were performed. Both results are compared with the trend predicted
by the analytical model. The theoretical predictions are in good agreement with both experiments and simulations over a wide range of obliquities. For incidence
near to a pure tangential impact (4 — 90°) the difference between the theory and the simulated impact increases, since the real impact scenario progressively departs
from model hypotheses due to incorporation and rotation of the projectile (Fig. 6). In the analyzed domain, the results are consistent with other experimental and
numerical works on thin metallic targets [50], which show a significant variation on the absorbed energy with respect to the normal impact configuration starting
from an obliquity greater than 45-50".

4. Conclusions

We have developed an analytical impact model to study the ballistic properties of multilayer composite armors subjected to the impact of high-velocity
projectiles. The main novelties of the proposed approach are: (i) cascade application of acknowledged penetration equations, which enables their extension to

10



heterogeneous multilayer targets; (ii) inclusion of the LEFM scaling of the composite material properties for the description of the effects of laminate compaction
on the impact toughness; (iii) further interpretation of the latter via a fractal approach. The model provides the residual velocity of perforating projectiles or the
depth of penetration in case the penetrator is fully decelerated by the target and it allows the detailed study of the projectile deceleration profile, kinetic energy
dissipation, and critical armor characteristics. The analytical model has been validated via an extensive ballistic experimental campaign on multilayer composite
targets and related FEM simulations. The prediction of the protection performance is quite accurate for all considered cases. The main result of the proposed model
is the quantification of the beneficial effect of thickness compaction on the armor impact toughness by LEFM and fractal energy dissipation models. This suggests
interesting implications for the role of the production procedures on the protection capability, which need to be thoroughly investigated. The developed tools can
be employed in the design and optimization of composite armors under different impact scenarios and employing a large variety of reinforcing fibers, including
novel nanomaterials.
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Fig. 6. Absorbed energy (/#uvs) as a function of the impact angle, normalized with respect to the reference normal impact configuration (4= 0"). Experimental data up to obliquity of 46 are complemented
with FEM simulations up to £ = 75" and compared with the prediction of the analytical model developed in this work (dashed curve). The analysis refers to plate 5 impacted at /5= 360m/s by FSP
fragment. A visualization of the plate perforation obtained from simulations for different obliquities is depicted in the bottom panel.
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S1 Finite element model
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Figure S1: Convergence test on the absorbed energy by the target as a function of the thick shell element in-plane edge size executed for 1 layer of material
of plate 8 (see Table S1). Below the impact area the thick shell elements have aspect ratio 1:1 with Ic= 0.1mm.

Table S1

S2 Target materials and comparison between theory, simulations and impact experiments

In the following we report the geometrical and composition characteristics of the 43 tested plates together with the results of ballistic tests, in terms of
projectile/fragment residual velocity, compared to analytical model and simulation.
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S3 Geometrical characteristics of the tested projectiles

In general, the integrals of Equations (4) in the main text have to be solved numerically for profiles described by high-degree functions. A piecewise solution
could be also necessary, either due to peculiar projectile profile or the current depth of perforation h;in each layer (Figure 1 in the main text), which affect the
integration domain. In the case of a spherical projectile in a bulk material, the integrals result into the following closed-form expressions, by assuming

q 2- (x = r)2within the domain x € [0;r] (after transforming in polar the profile curvey =r

coordinates for convenience):

s
Jo = —pur?
0 4MT , (s1)
I p
Jl = - — = 7"2
6 3 ’ (s2)
1 T
JQ = - — — 7'2
4 16 , (s3)

Note that the above relationships, as well as Equations (4) in the main text in general, yield to the same result for hollow and filled projectiles of equal external
profile, since these functions account only for the role of the projectile geometry, assumed to be rigid. The profile functions and corresponding integration
domains for the three projectiles analyzed in this work are reported in Table S2 (see Figure S2 for the projectile and fragment geometries).

Table S2: Geometrical (shape function and domain) and mass characteristics of the three studied projectiles.

Projectile Function Domain m r
type [mm] [mm] (8] [mm]
Spherical X € 4.1105.000
y=Fr-(x-re [0;r]
FMJ9mm  y=2.2816x0.3033 X€E 8.0404.515
[0;10.54]
FSP 0.22in y=1.428x+1.270 XE 1.1022.731
[0;1.02]
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Figure S2: Geometrical dimensions employed in the analytical and FEM models of (a) fragment simulating projectile (FSP) caliber 0.22inches! and (b)
Remington 9mm FMJ.2The blue lines highlight the profiles described by the respective functions in Table S2.
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