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Abstract The main aim of the work was the experimental and numerical analysis of the energy absorp-
tion/dissipation capabilities and failure mechanisms of novel hyper-elastic target material intended for ballistic
applications including layers of composite armors, projectile catching systems and anti-ricochet layers cover-
ing walls of shooting ranges, ballistic tunnels, etc. Static and dynamic mechanical properties of the material
were analyzed at both room and elevated temperatures (40 = 80 °C). Numerical models of the material and
7.62 x 25 mm FMJ projectile were defined. Simulations of the hyper-elastic target penetration with the pro-
jectile were carried out. The differences between the results obtained numerically and experimentally were
determined (measured as a relative error) and were lower than 15% what testified about proper definition of
the numerical models of the analyzed phenomenon components.

Keywords Hyper-elastic materials - Damage mechanics - Failure analysis - Ballistic impact - Finite element
modeling

1 Introduction

Hyper-elastic rubber-like materials are commonly used in various branches of engineering, especially in those
applications where high damping properties are required [1-4]. In recent years, there were many attempts to
use relatively soft hyperelastic rubber-like materials as well as non-Newtonian materials, shear-thickening and
magnetorheological fluids or additively manufacturing pantographic structures, in various ballistic applications
[5-17]. Obviously, these materials cannot constitute a standalone armors, but their advantages such as rela-
tively low cost, durability even under multiple impact conditions, high recycling capacity, energy absorption
and dissipation capabilities make them interesting option that can be used in composite armors applications
as interlayers in multilayered designs, adhesive joints, spall liners, etc., to enhance the efficiency of such solu-
tions. For example in the work [18], authors improved the protection capability of rubber-metal armor systems
by around 8% by optimizing rubber interlayer (proper adjustment of parameters such as hardness, damping,
glass transition temperature). The protection effectiveness of high hardness steel subjected to penetration by
projectiles was increased by use of elastomeric coatings in the work [19]. In that case, the large difference in
impedance between target materials was indicated as a main factors of efficiency enhancement. The authors
indicated that appropriate bending stiffness of the backing material is crucial for proper functioning of the elas-
tomer. In the work [20], butyl-rubber was used in the form of floor mats protecting occupants against potential
injuries from under vehicle blast loading [21]. Rubber layers are often used in non-explosive reactive armors
(NERA) protecting against kinetic-energy penetrators (KEP), long-rod projectiles [22-24] and shaped charge
jets [25-28]. In such armors, elastomers or polymers are placed between steel plates. Protective mechanisms
in such solutions are based mainly on the bulging effect. For example in the work [29], author proved that
bulging effect in the laminated steel-elastomer armor disturbed and slendered KEP projectiles, causing their
fragmentation.

Ballistic applications of hyperelastic rubber-like materials include also human tissue simulants in analyses
of different types of ballistic trauma. Experiments on human or animal cadavers are difficult to carry out due
to both practical and ethical issues. Therefore, scientists were enforced to develop new types of homogeneous
materials that could substitute human tissues or their conventional simulants (ballistic gelatins [30,31], ballistic
soaps [32,33]) used in both penetrating [34,35] and blunt [36,37] ballistic impact scenarios. Moreover, other
than soft materials, a mention can be made of the result of an impact toward stiffer living tissue as bone [38,39].
Using of gelatins in ballistic impact experiments may be unconvenient due to their temperature sensitivity,
and temporal character of cavities produced by penetrating projectile [40,41]. For those reasons, synthetic
equivalents of conventional gelatins and soaps were developed (SEBS—styrene-ethylene-butylene-styrene
gel, Perma-Gel®—styrene-ethylene-butylene co-polymer, Sylgard gel, etc.). Synthetic tissue simulants have
numerous benefits in relation to conventional ones, such as low temperature sensitivity, transparency and
uniform mechanical properties [42,43]. They can be recast after testing and do not suffer from biological
degradation. Efficiency of hyperelastic tissue simulants was confirmed in numerous studies of ballistic impact
phenomenon. In the work [44], authors carried out a series of tests in which the ballistic response of Perma-
Gel®to the impact of ball bearings with a diameter of 5.5mm and impact velocities of between 150 and
1050 m/s was analyzed. Efficiency of the material was compared directly to that of 10% and 20% gelatin.
Comparison of depths of penetration values in Perma-Gel®and gelatin targets showed reasonable agreement.
The indentation response of Perma-Gel was investigated also in the work [45]. Analysis of indentation depths
showed that Perma-Gel properly reproduced real tissue response, especially at low strain energy densities.
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Fig. 1 The hyperelastic rubber-like target material

Lower correlation was achieved as the loading mass increased. Mechanical properties of SEBS gel were
analyzed in a wide range of strain rates in the work [46]. Barreling effect and a non-homogeneous radial strain
of the sample were observed during compression experiments what caused that material behavior was not
identified for a whole range of strain through mechanical testing. The study of thermic effects can be faced
from a modeling point of view introducing a more comprehensive thermo-viscoelastic model as done in [47].
With the same spirit, namely using a variational approach, plasticity, friction, and damage effects could be
taken into account; see, e.g., [48-53]. The others investigations of new innovative armors, light and practical,
could be framed in the design of new metamaterials, see [54,55].

Ballistic tests are highly dynamic and destructive phenomena that are very difficult to analyze and quantita-
tive assessment, especially when hyper-elastic materials are included. Such materials can significantly deform
under mechanical load, but their deformations are temporary—they exhibit high elastic recovery and nonlinear
stress—strain-deformation relationship in the deformation range above 5%. That is why the ballistic experiments
on rubber-like materials are often supported by numerical methods allowing to obtain additional information
about phenomena. For example in the paper [56], a new visco-hyperelastic law based on the Mooney—Rivlin
model was proposed to numerically reproduce the SEBS gel material behavior. The material characterization
tests were performed over a wide range of strain rates (0.002—1500s~"). Sylgard gel and ballistic gelatin under
ballistic impact were modeled with Mooney—Rivlin and Ogden material models in the works [57,58] and [59],
respectively.

The main aim of the present study was to create an accurate and verified constitutive model of novel
hyperelastic material that will be able to facilitate designing processes of various types of protective structures
used in different ballistic applications including layers of composite armors, projectile catching systems and
anti-ricochet layers covering walls of shooting ranges, ballistic tunnels, etc.

2 Materials

The novel hyper-elastic material analyzed in the study is an elastomer based on modified silicones. The density
of the material (determined as an average of three measurements) was 946 kg/m>. The using temperature ranges
from about —20 ° to 4 60 °C (Fig. 1).

The hyper-elastic material constituted a target that was impacted with 7.62x 25 mm full metal jacket (FMJ)
bullet (NIJ level I and ITA) [60]. The bullet core is made of lead-antimony alloy and is surrounded with a tombac
covered steel jacket (Fig. 2). The initial velocity of analyzed variant of projectile was around 420 m/s what
gives the energy of about 550-600 J (mass m = 5.5 g).

3 Materials characterization tests
In the current study, the material type *MAT_181_SIMPLIFIED_RUBBER in LS-DYNA software [61,62]

was chosen to describe the hyperelastic behavior of target material since it does not require parameter fitting
procedure like in classic Ogden or Yeoh models. Instead of this, the experimental curves of engineering stress
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Fig. 2 The 7.62x 25 mm cartridge with the FMJ projectile: a cartridge, b projectile, ¢ projectile cross section
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Fig. 3 Samples prepared for quasi-static mechanical tests

in function of engineering strain constitute the main input to the model. The curves should cover the complete
range of expected response, including both compressive (negative values) and tensile (positive values) regimes.

3.1 Quasi-static compression tests

Compression and tension tests were carried out on the samples showed in Fig. 3 in order to collect data (force-
displacement curves) allowing subsequent definition and validation of numerical models of the target material
by numerical reproduction of experimental tests and comparison the results obtained in simulations with the
experimental observations. Camera was used to register deformation of samples and to measure their actual
cross sections.

Zwick Z100 universal testing machine with a hydraulic drive was used for mechanical experiments (Fig. 4).

The compression and tension processes registered with a camera are shown in Figs. 5 and 6, respectively.

The results of quasi-static compression tests of the target material at room temperature are shown in Fig. 7.
The analyzed hyperelastic material showed a slight resistance (oeng < 10 MPa) to the testing machine punch,
up to a deformation of about 70%. Then, the registered stresses started to increase exponentially, which,
however, was caused by the accelerating flattening of the material (probably breaking of the internal bonds
between the chains) and the decrease in the distance between the punches of the testing machine.

Similarly, in the case of tensile tests, where the stress in the material did not exceed the value of oepg < 2.5
MPa (Fig. 8). In this case, it should be noted that the failure strain of the material was approximately 160%
(Figs. 6, 8).

3.2 Dynamic compression of hyperelastic target material.

Split Hopkinson Pressure Bar (SHPB) apparatus was used for dynamic compression of hyper-elastic material
samples (Fig. 9) [63—65]. The load pulse was shaped with a copper disk 5 mm in diameter and 3 mm thick.
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Fig. 4 Stand for material characterization tests: a Zwick Z100 testing machine, b machine equipped with temperature chamber,
¢ compressed sample

t=18s, L=6mm

t=36s, L=12 mm,

t=45s,L=15mm

Fig. 5 Quasi-static compression of hyper-elastic sample

As shown in Fig. 10, the results obtained in tests with the use of SHPB are characterized by a very large
dispersion. In addition, the stress levels recorded in the samples reached values close to 100 MPa, which
would suggest strain rate hardening of the material exceeding 1000%. Therefore, these results were unreliable
and such a large error could be caused by some mistake in the recording of signals from the bars or the
inhomogeneity of the samples and the occurrence of air bubbles inside of them. Therefore, the results from
the SHPB tests were not used to determine the strain rate sensitivity of the material. The strain-hardening of
the material was determined in a simplified manner by applying appropriate multipliers.

For this purpose, the stress—strain curves obtained during quasi-static tests and the results of ballistic tests
determining the dependence of the residual velocity of the projectile on the thickness of the perforated target
made of a hyperelastic material were used. Ballistic experiments were reproduced numerically. In order to
determine the proper course of the curves for the material under dynamic conditions for a known strain rate, the
stresses and strains recorded in quasi-static tests were multiplied and divided, respectively, by the appropriate
values of coefficient in such a way as to obtain the residual velocity of the projectile similar like those recorded
in experiments.
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Fig. 6 Quasi-static tension of hyper-elastic sample
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Fig. 7 Curves plotted on the basis of quasi-static compression tests of the hyper-elastic material at room temperature
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Fig. 8 Curves plotted on the basis of quasi-static tension tests of the hyper-elastic material at room temperature
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Fig. 10 Curves plotted on the basis of dynamic compression tests

3.3 Material characterization tests in a wide temperature range

0.80

Mechanical properties of hyperelastic materials are often very sensitive to temperature changes. Therefore,
material characterization tests of the analyzed hyperelastic target material were carried out in a wide temperature
range (-90°Cto + 100 °C). Compression tests were performed at elevated temperatures 40 °C to 4+ 80 °C. Based
on the results, it can be concluded that the material is very sensitive to temperature rise. As the temperature
increased, the material became more plastic and the resistance it exhibited to the punches of the testing machine,
and thus, the stresses registered in it decreased. The internal structure of the material was also degraded much
earlier, so that the exponential increase in stresses in the material occurred at significantly lower strains than
in the case of samples tested at room temperature. The results of quasi-static compression tests of the target
material at elevated temperatures are shown in Fig.11. In Fig. 11, a different way of material failure with
increasing temperature can be observed. With the increase in temperature, the processes of degradation of the
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Fig. 11 Results of quasi-static compression tests of the target material at elevated temperatures
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Fig. 12 An example DSC curve obtained for samples in the normal state

internal structure of the material were significantly intensified, which resulted in increasingly ragged edges of
the samples.

Additional tests were carried out with Differential scanning calorimetry (DSC) method. DSC is acommonly
used thermal analysis technique that measures the changes in the physical properties of the sample subjected to
thermal heating. During the test, a sample is enclosed inside the pan, which is in the next step mounted inside the
furnace on the thermoelectric disk along with an empty reference. The research was conducted in two variants.
The first one consisted in determining the parameters characteristic for the sample in the normal state in the
range from —90°C to + 100°C. During the tests, the glass transition and softening processes were analyzed.
In the second variant, preliminary conditioning of the test sample was carried out in the following cycles:
35°C for 6h, 40°C for 6h, 45°C for 3h and 50°C for 6h. After conditioning at the specified temperature,
the samples were cooled to 0°C, then heated at a heating rate of 5°C/min to 100°C. In this case, only the
softening process of the tested samples was analyzed. The results of DSC analyses for the tested samples are
shown in Figs. 12 and 13 and in Tables 1 and 2.

Hermetic aluminum pans were used during the tests carried out in a nitrogen atmosphere, with a heating
rate of 5°C/min.

DSC analysis showed that two changes characterized the sample. The first is the glass transition process
consisting in the transition from a plastic state to a glass state. The tested material loses its plastic properties at
temperature below 0 °C. In addition, it is crucial from the user point of view that in temperature 40 °C, it begins
to soften, and this transformation takes place in the wide temperature range. The designated temperature of the
end of the softening process is about 85 °C (see Fig. 13). Based on the obtained test results, it can be concluded
that tested material retains its functional properties in the temperature range above 0 °C and below 40°C.



Experimental and numerical study on failure mechanisms 1753

-0.10

—50°C for 3h
45°C for 3h
—35°C for 6h
40°C for 6h

-0.15 4

-0.20 4

-0.25 4

Heat Flow (Normalized), Q [W/g]

-0.30

10 25 40 55 70 85 100
Temperature, T [°C]

Fig. 13 DSC curves obtained for samples after thermal conditioning

Table 1 DSC results of SEBS in normal condition

Sample no. Glass transition Softening

Tonset (°C) Tmia (°C) Tena (°O) Tonset (°C) Tmax (°C) Tena (°O) Q (J/g)
1gs —41.6 —19.6 1.0 39.2 47.6 84.3 —-31.6
2gs —41.2 —18.9 1.4 39.6 49.1 85.0 —-31.8
3gs —40,6 —17.8 22 41.5 51.9 85.8 —31.3

Tonset» the temperature at transformation start; Tr,x, temperature at maximum peak, in which the process takes place at the highest
rate; Triq, the temperature at which the measured curve is equidistant between the upper and lower tangents; T¢pd, the temperature
at the end of transformation; Q, the heat of transformation (J/g)

Table 2 DSC results of SEBS after thermal conditioning

Conditioning model Sample no. Softening 1 Softening 2
Tonset (°C)  Timax (°C)  Tend (°C)  Q (J/g2)  Tonset (°C)  Timax (°C)  Tena (°C) O (J/g)
35°C for 6h la - - - - 40.1 46.7 81.7 —28.5
2a - - - - 40.4 47.3 82.8 —-29.0
40°C for 6h 1b 16.0 31.5 39.9 2.1 443 50.0 82.5 —24.38
2b 16.2 31.5 40.0 2.0 44.5 50.4 83.2 —25.1
45°C for 3h 1c 17.5 36.8 40.6 3.1 49.1 53.8 82.7 —18.8
2¢ 17.6 36.7 40.7 3.2 49.0 53.5 82.9 —18.6
50°C for 3h 1d 18.8 41.3 50.7 5.3 53.8 57.8 81.7 —15.7
2d 18.6 41.4 50.8 5.2 53.7 58.0 82.2 —15.6

The tests, preceded by preliminary conditioning, showed that heating the samples at a temperature above
40°C causes the loss of the original thermal properties of the material. As the conditioning temperature
increases, the shape of the DSC curve changes and the softening process takes place in two stages. The first
softening stage in the case of samples heated at 40°C, 45°C and 50°C will occur below 40°C. The second
softening stage shifts toward higher temperatures as the conditioning temperature increases.

3.4 Compression of projectile at high strain rates

Deformation rates of projectiles under ballistic impact conditions were analyzed in order to properly define
numerical model of projectile. During experiments, projectiles fired with different initial velocities (73.4—
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Fig. 14 High-speed camera record of the course of the projectile impact process (impact velocity 203.4 m/s)
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Fig. 15 Deformations of projectiles after impact into rigid target with different velocities

Table 3 Measured values of deformed projectiles dimensions

Impact velocity, v (m/s) Diameter, D (mm) Length, L (mm)
Before impact 7.80 13.50
73.40 7.90 12.35
162.04 11.80 10.00
203.40 18.00 9.30

251 m/s) impacted a target much stiffer than them, such that it can be considered rigid (Fig. 14), and their
deformations were measured (Fig. 15, Table 3).

4 Material modeling
4.1 Hyperelastic material model parameters identification

Material type *MAT_181_SIMPLIFIED_RUBBER in LS-DYNA software [61,62] was chosen to describe
the hyperelastic behavior of target material. Experimentally determined uniaxial engineering stress versus
engineering strain constituted main input to the model. Experimental curves should cover both compressive
(negative values) and tensile (positive values) regions. Multiple curves can be defined for various values of
strain rates and therefore, values of stress at a particular strain and strain rate will be a linear interpolation
between these curves (Fig. 16).

The stress—strain curve determined during uniaxial quasi-static compression and tension tests that consti-
tuted an input data for the *MAT_181_SIMPLIFIED_RUBBER model in the current work is shown in Fig. 17.
Values of additional parameters used in the model are listed in Table 4.
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Fig. 16 Typical engineering stress—strain curves for different strain rates used as input in the *MAT_181_SIMPLIFIED_RUBBER
in LS-DYNA model

Table 4 Values of parameters in the *MAT_181_SIMPLIFIED_RUBBER for the hyperelastic material

RO (g/cm?) KM (MPa) MU G SIGF PR SGL SW ST MXEPS

0.95 2000 0.1 500 0.5 0.495 1 1 1 1.5

RO, mass density; KM, linear bulk modulus; MU, damping coefficient; G, shear modulus for frequency independent damping;
SIGF, limit stress for frequency independent, frictional, damping; PR, Poisson ratio; SGL, specimen gauge length; SW, specimen
width; ST, specimen thickness; MXEPS, maximum principal strain at failure

After defining of the hyperelastic target material model, it was validated by the numerical reproduction of the
mechanical tests and comparison of the compression process, deformation of samples and force-displacement
curves obtained experimentally and numerically (Figs. 18, 19).

The main attention was paid to compression tests since compressive loads were dominate during the
target perforation process simulation of which was the main goal of the study. As it can be seen in Fig. 19, a
satisfying agreement in the shapes of the curves obtained experimentally and numerically was obtained. The
numerical equivalent of the hyperelastic material was a little bit stiffer than the real material. Similar curves in

0.5 1 1.5

Quasi-static experiments

Engineering Stress, [MPa]

——— SHPB experiments

Adopted in ballistic simulations

Engineering Strain, [-]

Fig. 17 Engineering stress—strain curve determined during uniaxial quasi-static compression and tension tests that constituted an
input data for the *MAT_181_SIMPLIFIED_RUBBER model
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Fig. 18 Deformation of samples obtained experimentally and numerically during hyperelastic material compression tests
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Fig. 19 Comparison of force-displacement curves obtained experimentally and in simulations with the use of determined hyper-
elastic material model

Table 5 Parameters of the J-C model for simulation components

Material ~ Density, RO Young modu- Poisson ratio, J-C model constants
(Tonnes) lus, E (MPa) PR, (-)

A (MPa) B (MPa) n(-) C(-) PSFAIL(-) Di(-) D2(-) D3 (-)

Jacket 7.85x107% 210 x 10°  0.33 598 575 0.21 0.003 1.15 - - -
Steel 7.8 x107% 210 x 10° 0.33 1580 756 0.199 0.005 - 0.068 532 —2.55
Lead 1.10x 1078 184 x 102 0.42 15 35 04 0.003 - - - -

the simulation variants in which elements with the sizes of 0.5 mm and 1 mm were used confirmed very low
sensitivity of the model to the mesh size adopted.

4.2 Identification of projectile material model parameters

Metallic components of the simulations were modeled with the Johnson—Cook (J-C) model [61,62]. This
elastic—plastic model is highly efficient in reproduction of the metals at high strain rates. It takes into account
the effects of strain hardening and thermal softening. Parameters of J-C model for the analyzed components
were taken from the literature and from the own library of materials [66,67] and are summarized in Table 5.
A quarter (two symmetry planes) of the model was created. Jacket of the projectile was modeled with
56,653 solid finite elements. Lead core was modeled with elements in Arbitrary Lagrangian—Eulerian (ALE)
formulation. The 696,653 elements were used in the whole model including air domain. Validation of the model
was based on comparison of deformations of projectiles obtained in simulations and experiments (Fig. 20).
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Fig. 20 Results of validation of the 7.62x 25mm FMJ projectile numerical model (left image—simulation, right image—
experiment)

Table 6 Deformations of projectiles obtained in simulations and experiments

Impact velocity (m/s) Length of deformed projectile Diameter of deformed projectile
Simulation ~ Experiment  Relative error (%) Simulation = Experiment  Relative error (%)
(mm) (mm) (mm) (mm)
73.40 11.90 12.35 3.6 7.87 7.90 0.4
162.04 9.73 10.00 2.7 12.00 11.80 1.7
203.40 8.50 9.30 8.6 18.80 18.00 4.4
Radar unit Support with
plasticine substrate
. Test firing range N
Test weapon Projectile |Test specimen|
2 m 1 m 2 m
N\ | | ™
_____ SRR IR [,
Line of flight
Velocity light gates

Fig. 21 Ballistic impact tests stand

Small differences (measured by the relative error value) between experimental and numerical results were
observed (Table 6). The error did not exceed 13%. It confirmed that the model was properly defined.

5 Ballistic impact experiments

Ballistic impact tests were carried out on the stand presented in Fig. 21. Several variants of target thicknesses
were subjected to projectile impact. The edges of the sample were fixed by the frame tightened with screws.
The impact and residual velocities of projectiles were measured with optical gates and Doppler radar (Weibel
model SL-520P), respectively. Three shots were performed for each of the target thicknesses.

The results of the experiments are shown in Table 7 and in Fig. 22.
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Table 7 Results of ballistic impact experiments (average value from 3 trials)

Target thickness (mm) 0 10 20 30 80 140 180 220

Residual velocity of projectile (m/s) 450 441.5 432.8 426.4 373.2 124.3 45.6 0

Fig. 22 Results of experimental tests: a target surface on the outlet side; b target surface on the inlet side; ¢ projectile stuck in
the target; d outlet hole; e inlet hole

500 I
h

400 —
300
200 <

100 \\
0 \b

0 25 50 75 100 125 150 175 200 225
Target thickness, [mm]

Residual velocity of projectile, [m/s]

Fig. 23 Results of experimental tests: residual velocity of projectiles in function of target thickness

During the experiments, the high elastic recovery properties of the target material were observed. The
projectile remained undeformed during the perforation process of the hyperelastic material.

The dependence between the target thickness and the residual velocity of projectile is shown in Fig.23. It
is difficult to distinguish whether the trend is more linear or exponential especially due to the results obtained
for the 80-mm and 140- mm-thick target. The projectile was stopped by the 220- mm-thick target and in that
case the depth of penetrations was equal DP =200 mm. Beside the indication of the target energy absorption
and dissipation properties, these data were used for validation of the numerical equivalent of the hyperelastic
material. The dependence was used also for determination of the material strain-rate hardening properties,
because results from SHPB experiments were unreliable.



Experimental and numerical study on failure mechanisms 1759

|
Ax=Ay=Az~1.0 mm

Ax=Ay=Az~0.5 mm

Projectile initial velocity

Fixed target perimeter

Ax=Ay=Az~0.25 mm

(b)

Fig. 24 Numerical model of the analyzed projectile impact phenomenon: a initial and boundary conditions; b target mesh
refinement method

6 Ballistic impact simulations

Simulations reproducing ballistic impact experiments were carried as a final validation of the hyperelastic
target material model. A three-dimensional (3D) (with two symmetry planes) numerical model of the analyzed
phenomenon of 7.62x 25 mm FM]J projectile impact into hyperelastic rubber target was modeled (Fig. 24).
The target layers were fixed around the perimeter. The elements size in the projectile impact zone was 0.25 mm
(Fig. 24b).

In the simulations, the thickness of the target was a variable parameter. It was changed from 10 to 220 mm
similar like in experiments. In consequence, the number of finite elements used for modeling of the components
also varied and equaled from 111,224 to 1,446,824 for the targets with the thickness of 10 mm and 220 mm,
respectively. Contacts between the simulation components described in the Lagrange formulation were realized
using the *CONTACT_ERODING_SINGLE_SURFACE algorithm. The friction between components was
included in the calculations. In the LS-Dyna®software, it is defined with the following equation [61,62]:

v = FD + (FS — FD)e~PClvel (1

where FS, FD—static and kinematic friction coefficient, respectively, v,.—relative velocity between two
surfaces in contact, DC—decay constant.

The values of the friction coefficients were adopted on the basis of the literature data [68—71] and for the
steel-rubber pair equaled: FS = 0.7, FD = 0.25 and DC was adopted as 0.00001 what gives the relation
between friction coefficient and relative velocity presented in Fig. 25.

The results of simulation of projectile penetration into the hyperelastic target were presented in the form
of deformations of the components at different time of the penetration process in Figs. 26, 27, 28 and 29.

The example of the shape penetration crater in the stack of rubber plates with a total thickness of 180 mm
at different time is shown in Fig. 26. The initially defined values of parameters in the constitutive equations of
the hyperelastic target (Sect. 4.1) were tuned in order to obtain the shape of the numerical curve of projectile
residual velocity in function of target thickness as close as those observed in experiments (Fig. 23).

Although some differences between the experimental and numerical curves can be noticed, the general
trend provides satisfying agreement (Fig. 27).

The largest difference between simulation and experiments was noticed for the 140- mm-thick target and
equaled A = 15%. Moreover, the determined parameters of the hyperelastic target material provide satisfying
reproduction of the characteristic elastic recovery of the material (Fig. 28). The diameter of the final penetration
crater in the perforated targets (& = 2.3 mm) was significantly smaller than the diameter of maximum temporal
cavity as well as the diameter of the projectile (7.62x 25 mm). This effect is shown in Fig.29. As can be seen
from the analysis of points A and B for these points, the radius of the temporary cavity is between 4.5 and
5 mm, which correlates with the data presented in Fig. 28.
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Fig. 25 Dependence between friction coefficient and relative velocity for the adopted values of coefficients and decay constant
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Fig. 26 Results of simulation of projectile penetration into the 180- mm-thick hyperelastic target: a penetration crater at different
stages of perforation process and b Z—displacement of target elements indicating elastic recovery of target

The model sensitivity to adopted methods of target discretization (mesh density), target failure criteria
and values of friction coefficients was analyzed. Therefore, simulations for the 180 mm thick target in which
various mesh sizes, friction coefficients as well as values of limiting principal strains (erosion) in the target
material model were carried out (Fig. 30).

The model is relatively sensitive to the changes of the values of failure criterion parameter—maximum
principal strain (MXEPS) in the range of 1.0-—1.75. The initial value of a failure criterion based on maximum
principal strain MXEPS = 1.5 was adopted on the basis of experimental tension tests in which the sample
was damaged at the engineering strain equal 150%. Increasing the MXEPS for the hyperelastic target material
by 17% from the value of MXEPS = 1.5 to MXEPS = 1.75 caused premature termination of calculation by
highly distorted elements and negative volume error. When the MXEPS was reduced by 33% from the value
of MXEPS = 1.5 to MXEPS = 1.0, the residual velocity of projectile increased from the value of 46 m/s to
the value of 158 m/s. Since the percent of eroded elements in all variants of calculation was similar, the growth
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Fig. 27 An experimental and numerical curves in residual velocity in function thickness of samples
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Fig. 28 Elastic recovery of the hyperelastic target: A penetration crater at different stages of penetration; B displacement of nodes
lying on the edge of the penetration craters in time

of the residual velocity of projectile together with the decrease of the MXEPS value was a consequence of the
fact that target elements eroded earlier instead of erosion of greater number of elements.

The mesh size in the analyzed range (sizes of the mesh of elements located in the area of direct impact
of projectile Ax = Ay = Az = 0.5 mm and Ax = Ay = Az = 0.25 mm) does not significantly affect the
results (Fig. 31b). Additionally, time required to finish the computation increased from 3 to 21 h what makes
mesh refinement pointless.

Determined numerical model exhibits also a relatively high sensitivity to the values of adopted friction
parameters. In the analyzed variants, the coefficients of static and dynamic friction coefficients were constant



1762

P. Zochowski et al.

2

< g
0 E
=30
£2
25
£%
= O
5=
Q ©
S
Q.8
N

hoy
W W

<
W

o
o

002 004 006 008

0.1 012 014

Time, [ms]

Fig. 29 Displacement of nodes lying on the edges of the penetration craters in time

500 T T E‘

= 450 K ——MXEPS=1.5 - g

E 400 —m—MXEPS=1.0 - 5

2 350 ! —#— MXEPS=1.25 - ©

g 300 —&—MXEPS=1.75 P

o 250 X g

2 200 N =

5 150 R o]

'g—' 100 B » = | §
=W

50 < g

? B

0 0.2 0.4 0.6 0.8 1 g

Time, [ms] E

(@

0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

=
) adl
)

/E’f' —e— MXEPS=1.5
5 —8—MXEPS=1.0
—#— MXEPS=125__|

/ —+— MXEPS=1.75
0 02 0.4 0.6 0.8 1
Time, [ms]

()

Fig. 30 Dependence between the value of MXEPS in the target on: a residual velocity of projectile; b target erosion ratio expressed
in percent of mass

500
le:Ay=Az=l.0 mm | 450 l\
400

le=Ay=Az=0.5 mm | 350 \

—— A - element size 0.25 mm |

IAx=Ay=Az=0.25 mml 300 \

~=¥=-= B - element size 0.5 mm
250 \

N

S

Projectile velocity, [m/s]

B

200
|Ax=Ay=Az=2.00 mm | L 150
100
|Ax=Ay=Az=1.00 mml
50
_ — 0
IAx—Ay=Az—0.50 mml 0 0.2

0.4 0.6 0.8 1
Time, [ms]

Fig. 31 Mesh sensitivity of the model—influence of target mesh size on the projectile residual velocity
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Fig. 32 Friction sensitivity of the model: a relation between friction coefficients values and relative velocity of contacting surfaces
for the adopted DC values; b projectile velocity in time for different values of DC; ¢ frictional energy in time for different values
of DC

and equaled FS = 0.7 and FD = 0.25, respectively. However, the value of the decay constant (DC) defining
the way of transition from the static to dynamic friction (dependence between the friction coefficient and the
relative velocity of contacting surfaces) was changed (Fig. 32a). As it can be seen in Fig.32b, when the DC
was changed by 100% from the initial value of DC = 0.00001 to DC = 0.00002, the residual velocity of
projectile after perforation of target increased from v; = 45 m/s to v; = 150 m/s. On the other hand, when the
DC was decreased to value of DC = 0.000005, the higher values of friction coefficients were obtained at the
earlier stages of perforation, projectile deceleration was more intensive and in consequence the projectile was
stopped in the target. It was confirmed on the graph presenting frictional energy in time for the penetration
process. The curve for the DC = 0.000005 increases the most intensively, up to the point when the projectile
is stopped in the target (Fig. 32c).

7 Conclusions

Conclusions that can be drawn on the basis of performed experimental and numerical analyses are as follows:

1. Mechanical properties of the hyperelastic material were determined in a wide range of strain rates and
temperatures.

2. The analyzed hyperelastic material showed very high temperature sensitivity. Its mechanical properties
start to decrease as the temperature exceed 40°C.

3. An accurate and verified constitutive model of novel hyperelastic material was defined on the basis of
experimental mechanical and ballistic tests.

4. The model will facilitate designing processes of various types of protective structures used in different
ballistic applications including layers of composite armors, projectile catching systems and anti-ricochet
layers covering walls of shooting ranges, ballistic tunnels, etc.

5. Defined material model of hyper-elastic target was validated against experimental data. Satisfying agree-
ment was obtained. The general trends of the plots of projectile residual velocities in function of target
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thickness was similar; however, for the 140- mm-thick target the maximum difference was noticed that
equaled about 15%. The use of the tested hyperelastic target material to slow down more energetic projec-
tiles, e.g., 7.62 x 51 mm, may be promising; however, it requires confirmation by experiment.

6. The determined parameters of the hyperelastic target material provide satisfying reproduction of the char-
acteristic elastic recovery of the material. The diameter of the final penetration crater in the perforated
targets (& = 2.3 mm) was significantly smaller than the diameter of maximum temporal cavity as well as
the diameter of the projectile (7.62x 25 mm).

7. Maximum principal strain MXEPS = 1.5 was adopted as a target failure criterion on the basis of exper-
imental tension tests in which the sample was damaged at the engineering strain equal 150%. However,
when the MXEPS was reduced by 33% from the value of MXEPS = 1.5 to MXEPS = 1.0, the residual
velocity of projectile increased from the value of 46 m/s to the value of 158 m/s.

8. When the decay constant in the friction definition was changed by 100% from the initial value of DC =
0.00001 to DC = 0.00002, the residual velocity of projectile after perforation of target increased from v, =
45m/s to v, = 150 m/s. On the other hand, when the DC was decreased to value of DC = 0.000005, the
higher values of friction coefficients were obtained at the earlier stages of perforation, projectile deceleration
was more intensive and in consequence the projectile was stopped in the target.

9. Determined parameters of numerical model are valid only for the analyzed case (mesh size, friction,
failure criteria), and special attention must be paid when some changes are incorporated. Future works
will be focused on decreasing the model sensitivity to the analyzed parameters, as well as on limiting the
number of parameters that were adjusted in order to obtain the desired results by performing of appropriate
experiments.
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