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Abstract: A series of calculations has been conducted to study the high-speed interaction of space
debris (SD) particles with screens of finite thickness. For the first time, taking into account the fracture
effects, a numerical solution has been obtained for the problem of high-velocity interaction between
SD particles and a volumetrically reinforced penetrating composite screen. The calculations were
performed using the REACTOR 3D software package in a three-dimensional setup. To calibrate the
material properties of homogeneous screens made of aluminum alloy A356, stainless steel 316L, and
multilayer screens, methodical load calculations were carried out. The properties of materials have
been verified based on experimental data through systematic calculations of the load on homogeneous
screens made of aluminum alloy A356, stainless steel 316L, and multilayer screens comprising a
combination of aluminum and steel plates. Several options for the numerical design of heterogeneous
screens based on A356 and 316L were considered, including interpenetrating reinforcement with steel
inclusions and a gradient distribution of steel throughout the thickness of an aluminum matrix. The
study has revealed that the screens constructed as a two-layer composite of A356/316L, volumetrically
reinforced composite screens, and heterogeneous screens with a direct gradient distribution of steel
in the aluminum matrix provide protection for devices from both a single SD particle and streams of
SD particles moving at speeds of up to 6 km/s. SD particles were modeled as spherical particles with
a diameter of 1.9 mm made of the aluminum alloy Al2017-T4 with a mass of 10 mg.

Keywords: heterogeneous material; reinforcement; high-speed interaction; barrier of finite thickness;
space debris

1. Introduction

Man-caused pollution of near-Earth space poses a threat to spacecraft, including the
real risk of damage and destruction. The term “space debris” (SD) appeared in the late
1980s and, according to Flury’s definition [1], describes all artificial objects and their parts
in near-Earth space that do not serve any useful purpose or function. Since the launch
of the first artificial Earth satellite, the number of launches has increased, resulting in the
accumulation of both large fragments and small SD particles [2].

The collision of spacecraft construction elements with SD may lead to catastrophic
consequences or local damage resulting in a loss of efficiency or function. In addition,
natural meteoric particles from distant space pose a threat. The longer the spacecraft is
in flight, the greater the probability of a collision with SD particles. To ensure effective
protection against various external influences, the spacecraft’s body must be technologically
advanced in production and have the smallest possible mass. For low-orbit spacecraft,
designing hulls and protective screens is particularly relevant due to the concentration of a
large number of SD on low orbits.

Several types of screens have been developed to protect against SD particles. Whipple’s
protection [3] is an innovative approach that prevents impacts by incorporating a large
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number of thin shells that destroy incoming kinetic energy particles. This creates a cloud
of fragments that dissipate the kinetic energy of impact and distribute it over a larger
area [4]. Multilayer heterogeneous screens are another type of protective construction that
weakens the impact impulse through multiple reflections on multiple boundaries [5]. Other
protective constructions, such as porous structures [6] and woven composites [7], have gaps
in material properties that contribute to the dissipation of impact energy and prevent its
spread. However, these protection technologies are often bulky, which presents a challenge
in the design of aerospace systems where size and weight are severely limited. To sum up,
the challenge of reducing the mass of spacecraft protective screens while maintaining their
effectiveness remains a significant concern.

Since the dawn of the space era, composites based on organic matrices and metal
matrices (MMC) have been developed for use in space. These materials possess high
specific stiffness and a virtually zero coefficient of thermal expansion (CTE). Organic matrix
composites, such as graphite/epoxy resin, have been used in the space for truss elements,
paneling, antennas, waveguides, and parabolic reflectors. On the other hand, MMCs are
able to withstand high temperatures and possess high thermal conductivity, low CTE, high
specific stiffness, and strength. These potential advantages generated optimism regarding
the use of MMCs in critical space systems in the late 1980s [8].

The successful development of many modern branches of technology is primarily
associated with the utilization of cutting-edge materials in construction, certain parts of
which are subjected to extreme loads due to various reasons. Making an appropriate
choice of a material capable of enduring the applied stress over a specific period of time
can be quite laborious without conducting a theoretical prediction. The stress—strain
and thermodynamic calculations of the loaded material, in the hands of an experienced
researcher, serve as the key to enhancing reliability and prolonging the lifespan of the
entire structure.

The advancement and refinement of material creation technologies with predeter-
mined properties, such as additive technologies, electron beam welding, and so on, have
broadened the scope of heterogeneous materials” applications. Experimental work focused
on practically developing manufacturing technologies for such heterogeneous mediums
with specific properties far surpasses the methods used for predicting the properties
themselves. Consequently, there now exists a significant gap between the practical imple-
mentation of complex heterogeneous materials and the level of knowledge concerning the
properties of such materials under intense dynamic loads.

The development of additive manufacturing technologies for the production of struc-
tural elements stimulates new approaches to designing materials and products [9-13]. One
of the current challenges at the intersection of mechanics, materials science, and physics is
the development of methods and approaches for designing products with a certain material
structure that provides the required functional and structural properties.

In mechanical engineering, there is a task to increase the strength and damping proper-
ties of metals, which often contradict each other. Additively manufactured interpenetrating
composites are a new type of “metal-metal” composites for use in high-energy absorption
systems. In this system, the matrix phase—a liquid metal with a melting temperature
lower than the melting temperature of the lattice—is poured into the reinforcing phase
with a continuous lattice configuration made additively. The result is a periodically inter-
penetrating composite in which each component forms a continuous network. Studies of
such materials show that the boundary between the reinforcing and matrix phases can
demonstrate significantly different mechanical properties of the composite, which allows
for the dissipation of the impact energy.

For example, ref. [14] proposed a method for creating an Mg-NiTi composite with a
bicontinuous architecture of an interpenetrating heterogeneous medium. For this, a magne-
sium melt is infiltrated into a three-dimensionally printed nitinol frame, which allows for
the creation of a composite with a unique combination of mechanical properties: increased
strength at various temperatures, remarkable damage resistance, good damping ability at
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various amplitudes, and exceptional energy absorption efficiency. After deformation, the
shape and strength of the composite can be restored by thermal treatment.

Our scientific interest was sparked by an experiment studying the response of a hetero-
geneous medium with an adapted interpenetrating mesostructure. This mesostructure was
fabricated using the hybrid additive technology known as PrintCast [15-17]. The experi-
ment focused on investigating the impact loads that arise during high-velocity interactions,
which can be utilized as one of the spacecraft protection options [18]. The results of the
experiment demonstrated that the composite made of stainless steel 316L and aluminum
alloy A356 using PrintCast technology is more resistant to delamination than monolithic
screens made of the same materials. The studies have shown that the metal matrix compos-
ite with an adapted interpenetrating mesostructure is a promising system for spacecraft
protection in cases where size limitations prevent the use of traditional protection methods.
The heterogeneous mesostructure of this composite leads to a significant attenuation of the
shock wave by multiple scattering at the interfaces of dissimilar materials and prevents
macroscopic spall [19].

In work [20], the mechanical properties of PrintCast composites and their dependence
on the volume fraction of reinforcement with steel 316L were studied. Uniaxial tensile tests
were conducted on A356/316L PrintCast composites containing 30%, 40%, and 50% rein-
forcement. An increase in ductility by 200% and absorbed energy by 400% was observed
when the volume fraction of reinforcement increased from 30% to 40%. However, with an
increase in reinforcement from 40% to 50%, a much smaller increase in these parameters
was observed. The sample with a volume fraction of 30% failed due to localized deforma-
tion in a single area after the onset of failure, unlike the samples with volume fractions
of 40% and 50%, where the failure occurred due to non-localized damage throughout the
cross-section of the sample.

The authors proposed the technology of direct numerical construction of heteroge-
neous media in [21,22], and comprehensive studies were conducted to determine the
parameters in heterogeneous media, demonstrating their possible advantages. The works
include comparisons with experimental data as well as descriptions of some mixture laws
and methodologies for working with them. The work in [23] showed that during the
propagation of an impulse in all media, it evolves into an elastic stress—strain state where
its amplitude and length no longer depend on the distance traveled. Studies were also
conducted on the influence of inclusion sizes. It was found that for heterogeneous materials
with large inclusions, the rate of attenuation of the impulse amplitude is significantly
higher compared to heterogeneous materials with small inclusions. Reducing the overall
concentration of ceramics from 40% to 20% volume fraction in the heterogeneous material
preserves all trends in the behavior of a short impulse during its propagation through
an obstacle.

2. Mathematical Problem Statement

The software package “REACTOR 3D” [24] was used to perform the calculations.
The Lagrangian approach is commonly employed to describe the dynamic interaction of
deformable solids as it provides a suitable framework for characterizing the behavior of the
medium. The region containing the composite is covered by a finite difference grid, where
triangular-shaped cells fill the space without gaps or overlaps. Each triangular cell is as-
signed its own material’s physical and mechanical properties. When transitioning from one
cell to another, the characteristics can change abruptly. The boundaries of the cells satisfy
conditions for the collective motion of the heterogeneous material components. Inside the
cells, the investigated quantities are determined using an explicit finite difference scheme.

2.1. The Main Conservation Laws

The mathematical formulation is described in [22,25,26]. The partial differential equa-
tions are converted to an explicit difference scheme on the difference grid along the tra-
jectory of each material particle. The procedure for constructing the difference scheme is
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described in detail elsewhere [25,26]. We use the system of equations for the deformable
solid model, which includes the following equations:

—  The particle trajectory equation

X = uj; @
—  The mass balance equation
Vopo = Vp; 2
—  The momentum balance equation
pu; = 0jj j; (3)

—  The internal energy balance equation

pe = oyjéij; 4)
éij is the strain rate tensor:
éij = %(ui,j + Ll]',i),' 5)
ij is the stress tensor:
vij = —0ijP +sij; (6)

where s;; is the stress deviator, which characterizes the shear-induced change in the shape
of a material particle; J;; is the Kronecker symbol.
The elastoplastic flow equations are formulated in the form of Prandtl-Reuss equations.

§ij + d)\,Sij = ZGé/ij, é,ij = 811 — ékk/?’r (7)
with the Huber—von Mises plasticity condition
sij i <2-Y5/3, 8)

where Y is the dynamic yield stress. Instead of calculating the scalar factor dA’, we use the
well-known procedure of reducing the stress deviator components to the yield circle [26]. In
Equations (1)—(8), each of the subscripts i, j takes values 1, 2, and 3; summation is performed
over repeating indices; a dot above a symbol denotes the time derivative, and a subscript
after a comma denotes the derivative with respect to the corresponding coordinate; x; and
u; are the components of the position and velocity vectors of a material particle, respectively;
p is the current density; G is the shear modulus.

2.2. The Equation of State

A few-parameter equation of state in the form of the Mie-Gruneisen equation [27,28]
is used
7(V)CU,IT Cv,eTz

14 3V(V/ V).

Here, Py is the pressure on the zero isotherm; T is the temperature; ¢, = ¢y ; + ¢y is the
constant-volume heat capacity equal to the sum of the lattice and electronic heat capacities;
V and V) are the current and initial specific volumes; (V) is the Gruneisen coefficient.

P =P+

2.3. The Boundary Conditions
Each body in the Cartesian coordinate system {x;} corresponds to a computational
domain Df(x, t) with boundaries G(y, t) (see Figure 1). Here, x = x(t) is the position
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ui(y1 t) = Wi(Yf t)r

vector of the material particle and y are the boundary points. In the general case, the
computational domains D'(x, t) change in time and can be multi-connected.

Figure 1. Boundary conditions.

The initial conditions for the i-th body at ¢ = 0 in the region D(x, t) are of the form:
0'(x,0) = p(x), u;-(x,O) = u}o(x), sij=P=e=0,

where p(x) and M;O(X) are the given initial distributions of the material density and the

velocity vector over the area D' (x, t).
To formulate the boundary conditions, let us introduce the following notations:

e n' the vector of the outward normal to the boundary G/ (y, t) of the domain D/ (x, t);
e  Fi(y,t) the vector of external surface forces on the boundary G'(y, t);
e Wi(y,t) the vector of velocity at the boundary. G/(y, t).

The following conditions can be specified on any boundary of the domain G(y, t):

e  kinematic

u'(y, t) = Wi(y,t),

e dynamic

oy (y,t) nj = Fi(y,t), (k1=1,2,3),

where 07, are the components of the stress tensor on the boundary of the domain Gl(y,t),
which typically needs to be determined;

e mixed

y € G*(y,t), of;(y, )nj = Fi(y,t),y € GP(y,1), G'(y,t) = G*(y,t) UGH(y,1).

The contact surface between two bodies G7(z, t) is defined as the set of points z that
satisfy the condition. B ‘ '
GY(z,t) = G'(y,t) NGy, t).

Certain compatibility conditions must be satisfied on the contact boundary between
the bodies for the vectors of velocities u’(z, t) and u/(z, t), as well as the components of the

stress tensor 0}, and U]]d. Specific types of conditions on the contact boundaries will be stated
below. To simplify the algorithm for calculating the motion of the boundaries, we will use
the external surface force vectors F'(y, t). The reaction forces, which are determined during
the problem-solving process, will be denoted by Ri(z, t).
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Let us assume that at each point z on the contact surface Gl (z,t), there exists a
common normal. In this case, ' .
n' = —n/.
Let us decompose the vector A(z,t) at point z into its normal A, and tangential
A; components
A=A, +A;. 9)

These components can be calculated using the formulas.
A, =(A,n)-n, A;=nx(nxA).

~ Let us replace the action of body i on body j at point z with the reaction force vector
R'(z,t), and, correspondingly, the action of body j on body i with the reaction force vector
R/(z,t). Then, R'(z,t) = —R/(z, t), and according to (9), we will have

R =N +T,

where N and T' are the normal and tangential components of the reaction force vector,
respectively.

Let us consider the formulation of boundary conditions on the contact surface in
specific cases:

e  Ideal mechanical contact: The material particles belonging to the boundaries of the
interacting bodies move as a single entity.

u'(z,t) =w(z1), R(z1) = ~R/(z1); (10)

e  Frictionless sliding: In this case, the conditions of non-penetration and equilibrium
hold for the normal components of the reaction forces.

W (z,t) = uh(z,t), Ni(z,t)=—Nh(zt), T(zt)=T(zt)=0, zeGli(zt); (11

Condition (11) is applied only for compressive reaction forces, i.e., (N’,n’) < 0. If this
condition is violated, stress-free surface conditions are applied to the boundaries G'(y, t)
and G/ (y, t).

e Sliding with Coulomb friction: Let the friction coefficient be k. The friction force is
determined by the expression,

i
u —w

i ]
u; —w

T:qwqﬁ¢:— ,if (N, n) < 0,

where q' is the unit vector in the tangential plane to the contact surface, directed against
the relative velocity vector. The boundary conditions take the form

u (z,t) = ul(z,t), Ri(z,t) = —R/(z,1). (12)

The tangential components of velocities are calculated based on the tangential compo-
nents of the reaction force T'(z, t), and their preliminary values T"*(z, t) are obtained from the

second Relation (10). If the magnitude of | T (z,t)| < k’Ni(z, f) ‘, then Ti(z, t) = k‘Ni(z, t) ‘
Otherwise, the internal forces cannot overcome the frictional forces, and there is no slid-

ing at the interface. In that case, the sliding Condition (12) is replaced by the ideal contact
Condition (10).
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2.4. Fracture

Kinematic strength characteristics include the limiting values of elongation (usually
under uniaxial tension) and shear. Brittle materials are also destroyed by compressive
strains. Kinematic characteristics are accumulated quantities incorporating the entire
history of the process. The most frequently used quantities are the limiting elongation and
shear strain. Finding these quantities involves the calculation of the primary tensile and

compressive strains.
2
exx+e€ Exx—E
& = zyy+\/< Zyy) +€%yr

2
Exx+E Exx—E
gy = ZW_ ( 2W> +€%y

and also, the shear strain
(e1—€2)
—

If the tensile strains in the course of deformation exceed the limiting elongation ¢]
(ie., €1 > €7) or the limiting shear strain e; > €%, €}, then the element material is assumed
to be fractured, i.e., it has no longer resistance to tension and shear but still has resistance
to compression.

Force strength parameters include the limiting values of tensile [29], compressive, and
shear stresses. If the stresses proper are used, then they are instantaneous criteria, i.e., as
soon as the principal stresses exceed the limiting values, the element material is assumed
to be fractured:

ET—

o > o7,
0 > 05,
or = L;‘TZ) > o

Most materials, however, possess properties of plasticity and viscosity; therefore, their
fracture requires a time interval during which the material is under overstrain. The code
involves one of such criteria (it is demonstrated by an example of the principal tensile
stress) [30]:

1y

Z (Ul - Ul*)iAti
Ut:lfnl >0, o0p—o01 >0.

2
Y At

i:n1

2.5. Conversion of Fractured Elements to Particles

If the element is at the boundary of the computational domain and the parameters
of the material reach a critical value, the material of the element is replaced by discrete
particles. The radius of the particle is calculated from the condition of incorporating one
or more of the particles in the element. The mass of the element is allocated between
the discrete particles. For a one-time step, only one layer of boundary elements can be
converted into discrete particles, so the velocity of the wavefront of destruction does not
exceed the speed of disturbances in the medium. Figure 2 shows the conversion of triangle
elements (A, B, and others) to particles [31] in the 2D formulation:

Element A is removed from the element grid;

Particle A is added as a particle node;

All of the element variables (stress, strain, damage, etc.) are transferred to the particle;
The mass, velocity, and center of gravity of the particle node are set to those of the
replaced element. The nodal velocity is obtained from the momentum of the element
(three nodal masses and velocities);

The masses of nodes b, ¢, and k are reduced by the removal of element A;

For the conversion of element B (which has two sides on the surface) to node B, most
of the steps are similar to those used for element A.
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Figure 2. Conversion of triangle elements to particles. (a)—interface nodes and elements before
conversion, (b)—interface after conversion of elements. The green circles and areas belong to
Interacting Body 1, and the red ones to Interacting Body 2.

In the 3D formulation, the algorithm for replacing cells containing damaged material
when they reach critical values with discrete particles that simulate the behavior of the
destroyed material is identical to the 2D case described above.

The behavior of the shear modulus under pressure and temperature is described
in [32]. The model of a heterogeneous environment and the solved problems are presented
in [33-35].

3. Propagation of Shock Waves in a Periodically Volume-Reinforced Metal
Matrix Composite

The problem of determining effective modules for heterogeneous media dates back
to classical works [36,37], while research on shock waves has been conducted in [38,39].
Although this problem has been addressed in many monographs, such as [40,41], it has yet
to find a final solution. In [42], a deviation from the rule of mixtures in the shock adiabat
was discovered for a volume-reinforced metal matrix composite. As this phenomenon was
not observed in our work, for example, in [23,33], we conducted numerical calculations
of a volume-reinforced metal matrix composite using averaging according to the method-
ology outlined in [33]. Figure 3 shows a model of such a composite that we used in our
calculations, similar to [18].

Figure 4 displays the calculated dependence of the shock wave velocity on the mass
velocity, revealing that the direct numerical modeling of a penetrating heterogeneous
medium demonstrates that the shock wave velocity corresponds to the calculation of the
shock adiabat of the composite using the additive approach (rule of mixtures), at least
at shock wave velocities exceeding C;, the longitudinal sound speed in the composite,
showing deviations from the parameters calculated using the mixture rule of no more
than 3%.

Although numerous numerical studies of shock waves were carried out in an inter-
penetrating composite, we do not present them here as a complete analysis of the shock
wave propagation in a periodically volume-reinforced metal matrix composite has already
been conducted in [43]; the results of which fully consistent with our calculations. Only one
question remains unanswered: the consideration of a reinforced composite fracture under
high-speed loading and the influence of the heterogeneous screen structure on this process.
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Figure 3. A model of a volume-reinforced composite with an A356 matrix and 316L inclusions.

7

up-103, m/s

4 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Figure 4. Shock wave velocity vs. the mass velocity: 1—316L steel; 2—A356 aluminum alloy;
3—calculation according to the additive rule of mixtures; 4—direct numerical modeling in a metal
matrix composite, 5—C;.

4. Problem Statement

Our objective is to design a heterogeneous screen to protect critical spacecraft compo-
nents from space debris particles. We aim to investigate the high-speed interaction between
spherical space debris particles and protective screens made of various structures using
specified materials. The configuration of the problem is presented in Figure 5, which depicts
the reinforced A356 + 316L screen placed in a protective casing to prevent its movement.

To calibrate the parameters of the computational model, we will utilize the work
of [18], which provides experimental data on high-speed collisions of aluminum particles
with five distinct screens. The numerical simulation of the collision processes permits to
identification of the screens that exhibit adequate resilience against space debris particles.
Additionally, we consider another three screens that can be produced using selective laser
sintering of powders from the same materials as in [18]. The material properties for the
aluminum alloys Al2017-T4 and A356 are taken from [44,45] and for steel 316L from [46].
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1/.

Figure 5. Geometric model: 1—AI2017-T4 spheres; 2—A356/316L volume-reinforced screen;
3—shape of the volume reinforcement; 4—heavy alloy protective casing.

For calculations, we will use the geometric dimensions of the impacting particle and

screens from [18]. A spherical particle with a diameter of 1.9 mm made of the aluminum
alloy Al2017-T4 with a mass of 10 mg moves at an initial speed of 6.0 km/s in all calculations.
Every protective screen, with the exception of screen #2, has the same areal density. We
evaluate the following protective screens:

Screen #1—a steel 316L plate, 4.5 mm thick;

Screen #2—an A356 aluminum alloy plate, 12.0 mm thick;

Screen #3—a two-layer plate made of 316L/A356, 7.5 mm thick (3.0/4.5);

Screen #4—a two-layer plate made of A356/316L, 7.5 mm thick (4.5/3.0);

Screen #5—a metal-matrix composite plate with the matrix composed of the A356 alu-
minum alloy and the volume reinforcement made of steel 316L, as is illustrated in
Figure 3. The unit volume of the heterogeneous inclusion in such a plate has a face-
centered cubic (FCC) symmetry with a side length of 2.5 mm and a diameter of 0.8 mm.
The screen thickness is 7.5 mm;

Screens #6, #7, and #8 are considered later as alternatives;

Screen #9—A356 aluminum alloy plate, 13.4 mm thick.

The diameter of the protective screens in all calculations is 50.0 mm. Every protective

screen, with the exception of screen #2, has the same areal density. All screens are placed in
a protective casing to eliminate the influence of free lateral surfaces on the stress state of
the screen materials. The effective volumetric concentration of steel in screens #3, #4, and
#5 is 38%. The thicknesses and areal densities of the screens are listed in Table 1.

Table 1. Parameters of the considered screens.

Screen

Material of the Screen

Density, Areal Density, Thickness,

g/cm® g/cm? mm

#1 [18] Stainless steel 316L 8.0 3.6 4.5
#2 [18] Aluminum alloy A356 2.7 3.24 12.0
#3 [18] Two-layer composite 316L/ A356 4.8 3.6 7.5
#4 [18] Two-layer composite A356/316L 4.8 3.6 7.5
#5 [18] Volume-reinforced composite 4.8 3.6 7.5
#6 Uniform distribution of 316L steel grains in an A356 matrix 4.8 3.6 7.5
#7 Direct gradient distribution of 316L steel grains in an A356 matrix 4.8 3.6 7.5
#8 Inverse gradient distribution of 316L steel grains in an A356 matrix 4.8 3.6 7.5
#9 Aluminum alloy A356 2.7 3.6 134
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5. Material Parameter Calibration

The numerical calculations gave the parameters for the craters (depth, diameter, and
volume), which were compared with experimental data for all screens. As the calculated
craters had a shape close to an ellipsoid, as seen in Figure 6a, an ellipse with semi-axes
a and b was inscribed in the transverse section of the calculated crater to determine its

volume by the formula:
Vo= (2) 12 (a= L
cale =TT a a 3

In most calculations, an ellipsoid with semi-axes a = h and b = d/2 can be inscribed
in the crater, and the volume of the crater is calculated using the formula:

Vele = Thd*/6

The results of numerical modeling of the interaction of a spherical particle with
screens of different structures were summarized, and the obtained crater parameters were
compared with the experimental data from [18]. The experimental data and the results
of numerical simulations of the formed craters for all considered screens are presented in
Table 2, where 1, d, and V are the depth, diameter, and volume of the crater as measured in
the experiment, and hyy¢, degre, and V. are the depth, diameter, and volume of the crater
as obtained through numerical simulation.

Table 2. Crater size in the screens.

Screen Experiment Numerical Simulation

Type h, mm d,mm  V,mm? Spall Begiey mm  dgge, mm Vg, mm3 Spall
#1 2.1 5.7 36 spall 2.30 5.60 31 spall
#2 4.5 8.2 158 spall 4.86 7.20 133 spall
#3 24 6.4 52 spall 3.70 5.35 55 spall
#4 45 8.4 166 no 425 7.40 162.6 no
#5 4.7 8.0 55 delamination 3.28 6.38 63 single grain detachment
#6 - - - - 3.20 5.84 54 single grain detachment
#7 - - - - 3.62 6.63 78 no
#8 - - - - 3.01 547 39 spall
#9 - - - - 4.67 7.42 134 spall

To determine the parameters of the calculated crater, a plate with a thickness of
approximately the step of the division of the computational grid was cut out of the screen,
passing through the center of the crater. The comparison between the calculated shape
of the crater in screen #1, made of 316L steel, and the shape of the experimental crater is
presented in Figure 6. Since the “REACTOR 3D” software package uses a hybrid meshless-
mesh calculation method, the destroyed material is represented by finite-size particles,
differentiated by color in all figures. It is worth noting that the depth of the calculated crater
exceeds the depth of the experimental one by approximately 10%, while the calculated
diameter almost coincides with the experimental one. However, there is a deviation in
the volume of the crater; it reaches 14%. The thickness of the spalled part on the screen’s
backside is comparable to the experimental thickness.
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(@) (b)

Figure 6. Comparison of the crater shapes in the 316L steel screen #1: (a) simulation results;
(b) optical micrograph of the impact plane in cross-section [18].

The calculated crater in screen #2, made of aluminum alloy A356, was found to be
8% deeper, 12% smaller in diameter, and 16% smaller in volume than the experimental
one, as shown in Figure 7. There are cracks on the front side of the screen which allow
the “sponges” of the crater to separate from the screen. The thickness of the spall on the
screen’s backside is slightly smaller than the experimental one. Radial cracks caused by
bending deformations are also present, as well as in the experiment.

i

/" =radial cracking’ -

#

(a) (b)

Figure 7. Comparison of the crater shapes in screen #2 of the aluminum alloy A356: (a) simulation
results; (b) optical micrograph of the impact plane in cross-section [18].

To ensure consistency in areal density, screen #2, made from A356 aluminum alloy,
should possess a thickness of 13.4 mm. We conducted calculations for screen #9 with the
required thickness. The calculated crater parameters for screen #9 have values quite close
to the experimental values (see Table 2). By increasing the thickness of screen #9 by 1.4 mm
compared to screen #2, the depth of the crater decreased while its diameter increased. On a
semi-infinite screen, the crater’s shape would become hemispherical.

Let us examine a two-layer screen composed of aluminum alloy plates on the front and
stainless steel on the back (screen #3). The stainless steel 316L plate is 3 mm thick, while the
aluminum alloy A356 plate is 4.5 mm thick. In this case, the calculated crater parameters
have several high errors: the depth exceeds the experimental depth by 12.5%, the diameter
is smaller by 16.4%, and the volume of the crater exceeds the experimental volume by
only 5.8%. Figure 8 shows a comparison of the crater cross-sections. In the calculation, the
steel plate sustained significantly more damage compared to the experiment, while the
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aluminum plate suffered damage and fracture similar to the experimental sample. The
only difference is that the plate has a larger diameter but slightly less thickness. It can be
concluded that this is the upper limit of the process parameters for material fracture of
the screen.

(a) (b)

Figure 8. Comparison of the crater shapes in screen #3—two-layer protection 316L + A356:
(a) Simulation results; (b) Optical micrograph of the impact plane in cross-section [18].

For screen #4, made up of the A356 alloy plates and 316L steel, the calculated crater
depth is 5.6% less than the experimental one, and the diameter is 12% smaller, but the
volume of the crater is almost the same as the experimental one, with only a 2.1% deviation.
There are no chips in the steel, nor are there any separate particles torn from the back
surface. The calculated crater’s distinctive feature is its almost cylindrical shape, which is
due to the fragile aluminum alloy being crushed on the steel plate, as shown in Figure 9.

(a) (b)

Figure 9. Comparison of the crater shapes in screen #4—two-layer protection A356 + 316L:
(a) simulation results; (b) optical micrograph of the impact plane in cross-section [18].

Thus, methodological calibration calculations were carried out using the physical and
mechanical properties from [44-46] and experimental data from [18], giving the fracture
parameters of homogeneous materials summarized in Table 3.
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Table 3. Material parameters.

K, GPa G, GPa Co, m/s S Y, GPa o, GPa g, %

A356 73.95 26.00 5392 0.270 0.20 0.27 0.045
316L 130.00 79.00 4464 1.544 0.75 2.50 0.05
Al2017-T4 75.71 27.86 5538 1.338 0.28 0.456 0.12

6. Metal Matrix Protective Screens with Interpenetrating Periodic Inclusions

Based on the data obtained, we model a metal matrix reinforced screen with interpene-
trating periodic inclusions with an adaptive mesostructure. Numerically constructing such
a reinforced screen with volumetric interpenetrating periodic inclusions is a rather complex
task. However, it is worth noting that the software package ‘/REACTOR 3D’ allows for the
construction of inclusions with an arbitrary 3D shape. In this case, the steel inclusions had
the shape of a volumetric cross of four cylinders, as Figures 3 and 5 show. The comparison
of the calculated crater’s shape to that of the experimental crater in screen #5 is shown in
Figure 10. The distinguishing feature of this screen is the stratification between the steel
reinforcement and the aluminum matrix. Although there is no macroscopic spall on the
backside of the screen, individual grains have been ejected due to spallation processes
(refer to Figure 10a). These grains have a very small mass of approximately 0.1 mg and a
velocity of around 50-70 m/s, making them an insignificant threat to protected devices.

(a) (b)

Figure 10. Craters in reinforced screen #5: (a) 3D calculation; (b) optical microphotograph of the

impact plane in cross-section [18].

The calculated shape of the craters in the composite reinforced screen is close to the
shape of the craters obtained experimentally. It is worth noting that there are significant
discrepancies in the parameters, such as the crater depth, which is 30.2% less than the
experimental value, and its diameter, which is 20.2% less than the experimental value. Even
with the calculated values of the depth, which is equal to 3.28 mm, and the diameter, which
is 6.38 mm, we obtain that the volume of the crater is 14.5% greater than the experimental
volume. Apparently, there was a mistake in the parameters of the crater [18].

To quantitatively compare the calculated and experimental crater parameters, the
results are tabulated in Table 2, while the deviation in the crater parameters is expressed as
a percentage and tabulated in Table 4.
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Table 4. Deviation of calculated crater parameters from experimental data.
Error/Screen #1 #2 #3 #4 #5
Error depth % 9.5 8.0 125 5.6 30.2
Error diameter % 1.8 12.2 16.4 119 20.2
Error volume % 13.9 15.8 5.8 21 14.5

Besides the armor in the form of a volumetric cross of four cylinders, screens rein-
forced with periodic volumetric inclusions, as shown in Figure 11, were also considered.
Discrete steel inclusions in the aluminum matrix in the form of cylinders and spheres (see
Figure 11a,b), while maintaining the concentration of components, do not provide adequate
protection, as they allow for penetration of the heterogeneous screen, and macroscopic
spallation is observed on the backside. Armor screens consisting of “half-crosses” layers
(see Figure 11c,d) and lattices (see Figure 11e), while maintaining the concentrations, do not
allow for through penetration, but on the back side of such screens, spallation phenomena
are observed in the form of the detachment of particles of the A356 aluminum alloy, which
have a sulfficiently high speed, about 400 m/s, posing a danger to protected devices.

(a) (b) (c)
(d) (e)

Figure 11. Discrete steel inclusions in the aluminum matrix: (a) cylinder; (b) sphere; (c) straight
“half-cross”; (d) reverse “half-cross”; (e) lattice.

7. Gradient Protective Screens

To provide a complete overview of protective screen configurations, we additionally
consider the following heterogeneous screens based on the A356 alloy and 316L steel
with a volume content of 38% that can be created using existing additive technologies:
(1) the screen #6 with a uniform distribution of steel throughout the screen volume (see
Figure 12a); (2) the screen #7 with a direct gradient distribution of steel through the screen
volume (see Figure 12b); and (3) the screen #8 with a reverse gradient distribution of steel
through the screen volume (see Figure 12¢). The heterogeneous screens with the gradient
steel distribution are similar to layered barriers but with a continuous transition from one
material to another without clearly defined boundaries.
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M- Al2017-T4 M- 316L M - A356

(a) (b) (c)

Figure 12. Cross-sections of heterogeneous screens with a steel concentration of 38%: (a) Screen #6
with a uniform distribution of 316L steel within the A356 aluminum alloy; (b) Screen #7 with a direct
gradient distribution of steel; (c) Screen #8 with a reverse gradient distribution of steel.

Figure 13 presents the results of the impact loading calculations for spherical particles
on the heterogeneous screens. Note that heterogeneous screens behave almost identically
to two-layer ones. The uniform distribution of 316L steel in the aluminum matrix increases
the effective yield strength, which has a positive effect on the crater volume reduction.
However, the presence of aluminum matrix grains on the screen’s reverse side leads to the
formation of a stream of small particles moving at a speed of 150-250 m/s.

(b) (c)

Figure 13. Calculation results of the interaction between an aluminum sphere and heterogeneous
screens. Cross-sections of screens with a thickness equal to the grid step: (a) screen #6; (b) screen #7;
(c) screen #8.

Screen #7, which has 100% A356 aluminum alloy on the front side and 100% 316L steel
on the back side, has better protective properties than layered screen #4. This is reflected in
the calculation of the crater parameters, such as the depth, which is 20% less, the diameter,
which is 21% less, and the volume, which is 53% less. As with screen #4, there is no flow of
microparticles on the back side, and there is no macroscopic spall.

The behavior of screen #8 closely resembles that of screen #3, as it displays a macro-
scopic spall with a detached fragment of considerable diameter. The screen volume has
suffered significant material damage, particularly near the rear surface.

8. Multiple Impacts of Space Debris Particles

Since the service life of spacecraft is assumed to be 10-20 years, it is natural that
protective screens should withstand multiple impacts from SD particles. Let us determine
the mass of the incoming SD particles that the armored screen #5 can protect, avoiding
penetration. To reduce the number of calculations, it is necessary to predict the maximum
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ballistic velocity of the screen from the mass of the incoming particle. Taylor’s work [47]
proposes a formula for the engineering estimation of the ballistic velocity:

%mpvg, = nr?hy, (13)
where m,, is the particle mass, V;, is the ballistic velocity, 7 is the hole radius, & is the screen
thickness, Y is the yield strength of the screen material.

As the ballistic velocity needs to be evaluated, let us assume that the combination
of screen parameters is some constant value. Then, the expression for ballistic velocity is
as follows:

Vi = —— (14)
To calibrate the constant C, two or three calculations need to be carried out to determine
the ballistic velocity at a given particle mass. In our case, C ~ 1.01. Figure 14 illustrates the

applicability of this formula and the results of numerical calculations. This Approximation
(14) provides a 10% error margin for the calculation.

8 Vi1, km/s

3 X

m,/m,

2 4 6 8 10 12 14

Figure 14. Dependence of the maximum ballistic velocity on the mass of the incoming particle
according to the Formula (14). Crosses represent the results of numerical calculations.

Let us perform the calculations for the sequential collision of a group of eight particles
with the protective screens, as shown in Figure 5. Random values close to 4 us were taken
as time intervals, and the particles were spatially located in a circle of 0.5 cm radius with
the first particle at the center, as is indicated in Figure 12. The most resistant screens were
selected for testing, namely, screen #5, which is a composite with volumetric reinforcement;
screen #4, which is a layered screen of A356/316L; and screen #7, which is a heterogeneous
screen with a direct gradient of 316L steel on an A356 matrix.

The calculation results are presented in Figure 15, which shows cross-sections of
protective screens with a thickness of approximately one step of the computational grid cut
out from the central region. The sequential multiple impact loading by SD particles leads
to the propagation of shock waves through the deformed and partially damaged materials
of the screens, resulting in further damage and fracture of the materials. The common
feature of all screens is the process of damage and fracture of the A356 aluminum alloy,
which is quite brittle. For the volumetrically reinforced composite, delamination between
the steel elements and the aluminum matrix is characteristic, as can be seen in Figure 15a,
and individual grains appear on the back side of the screen due to spallation processes.
The mass of such grains is 0.1 mg, and their velocity is 50-70 m/s, so they do not pose a
significant danger to the protected devices.
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Figure 15. Cross-sectional view of the screens after the impact of a 8 SD particle flow: (a) screen #5;
(b) screen #4; (c) screen #7.

The two-layer A356/316L screen withstands a similar impact load because the back
side of the screen is made of 316L steel, which has sufficient strength against the spallation.
In this case, the size of the crater volume is the largest among the compared protective
screens since the A356 aluminum alloy quickly becomes damaged and starts to break down,
as shown in Figure 15b. There are no detached microscopic grains behind the barrier since
the back side is made of steel.

A heterogeneous screen with a direct gradient of steel has sufficient resistance to
the particle flow impact. Since the front side of the screen is made of pure A356 alloy, it
is natural that the initial stage of screen deformation resembles that of a layered screen.
However, as the process advances into the depth of the screen, the resistance to deformation
increases due to the inclusion of 316L steel. Therefore, the main damages and fractures of
the screen occur on the front side, and the exit of waves to the back side of the screen does
not lead to spall phenomena since the back side of the screen consists of pure 316L steel.
However, the damage to the aluminum matrix is present throughout the volume of the
screen (see Figure 15¢).

As all three screens have practically equal chances of protecting an important element
of the spacecraft from both a single SD particle and a particle stream, let us consider the
capability of the protective screens to withstand a large SD particle twice the diameter at
the same impact velocity. Thus, the mass of the impacting SD particle equals eight masses
of the particle used in the experiments and calculations described above. Figure 16 shows
the comparison of the results of the calculations of the impact of a large SD particle on the
screens. All selected screens have through holes.

Screen #5, made of the volumetrically reinforced composite, has a hole close to a
cylindrical shape. Large fragments are the fragments of reinforcing steel, while small
fragments are the fragments of the aluminum matrix. The velocity of the large fragments in
the head part of the barrier stream reaches 380—400 m /s, while that of the small ones reaches
450-475 m/s. On the periphery of the through cavity, stratifications of the reinforcement
and matrix are noticeable due to the large deformations (see Figure 16a).
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Figure 16. The result of numerical modeling for the process of large high-speed SD particles penetrat-

ing the screens: (a) screen #5, (b) screen #4, (c) screen #7.

The hole in the two-layer screen #4 has a more complex structure since the front
aluminum plate received the main energy of the impacting SD particle, which led to the
significant deformation of the material and subsequent damage and fracture. The rear steel
plate of the screen was subjected to a weakened impact, which resulted in its bending. The
stratification of the plates also allowed the shattered aluminum fragments to move radially,
reducing the impact on the steel plate, so the final hole had small dimensions and was
only in the central area. The steel damage was present in a small vicinity of the through
hole. The fragment velocities in the cloud behind the screen were the same as above (see
Figure 16b).

Screen #7 is the heterogeneous screen with a direct distribution of steel in the aluminum
matrix and also has a through hole due to the impact of a large SD particle. The front side
of the screen suffered significant damage due to the release of strong compression waves on
the periphery of the initially formed crater, resulting in the detachment of sufficiently thick
layers. Since the screen strength increases with the depth of penetration, a layer with large
deflections is formed near the rear surface, and the cavity narrows. Further, the residual
mass of the impacting SD particle breaks through the thin steel layer, forming a plug. The
velocity of both large and small fragments is approximately 360-380 m/s (see Figure 16c¢).

9. Conclusions

The development and advancement of technologies for creating materials with specific
characteristics, such as additive manufacturing, have broadened the range of applications
for complex heterogeneous metal matrix materials. Experimental work on the practical
implementation of production technologies for such heterogeneous media surpasses the
number of studies on material prediction methods and the level of understanding of their
properties under intense dynamic loads. This results in a significant gap when it comes to
the practical utilization of heterogeneous materials with predetermined properties.

In our study, a significant stride has been made in comprehending the design of hetero-
geneous materials through direct numerical modeling of deformation and failure processes
in such materials under high-speed loading. Furthermore, we have demonstrated that:

1. For the first time, taking into account the fracture effects, a numerical solution has
been obtained for the problem of high-velocity interaction between space debris
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particles and a volumetrically reinforced penetrating composite screen. It has been
demonstrated that the screens constructed as two-layer A356/316L screens, volume-
reinforced composites, and heterogeneous screens with a direct gradient distribution
of steel in an aluminum matrix provide protection to devices from both individual
space debris particles and streams of debris particles moving at speeds up to 6.0 km/s.

2. The physico-mechanical parameters of the heterogeneous material behind the shock
wave front, obtained through numerical calculations, show deviations from the pa-
rameters calculated using the mixture rule of no more than 3%.

3. It has been shown that reinforcing the aluminum matrix with discrete steel inclu-
sions within the specified mass and dimensional parameters of the screens does not
provide sufficient protection for spacecraft components against high-velocity space
debris particles.
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