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MODELING OF LOCAL PLASTIC DEFORMATION PROCESSES UNDER
EXTREME OPERATING CONDITIONS

MOJAEJIOBAHHSA ITPOLIECIB JIOKAJIBHOI INIACTUYHOI TE®OPMAIIIL
B EKCTUMAJIbBHUX POBOYHUX YMOBAX

The objective of this study is to conduct an in-depth analysis of the impact dynamics and de-
formation characteristics of an aluminum plate subjected to high-speed collision. This investigation
aims to enhance the understanding of the material's response to high-velocity impact, identify poten-
tial weaknesses, and evaluate the effectiveness of aluminum alloys as a lightweight protective materi-
al. The research is particularly relevant for industries requiring a balance between structural integri-
ty, weight optimization, and cost-efficiency. Traditional protective materials, such as steel, provide
high strength but increase overall weight, limiting mobility in certain applications. Aluminum alloys
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present a promising alternative for various engineering solutions, offering reduced weight while main-
taining substantial durability.

Keywords: impact dynamics, aluminum alloys, computational modeling, deformation analysis,
lightweight protection, energy absorption, high-velocity impact.

Mema docnidsicenns nonsicae y npo8eoeHHi 2iuboKo20 ananizy OUHAMixu yoapy ma oegopma-
YIIHUX XAPAKMePUCUK aiioMiHIEBOI NAACMUHU 8 YMOBAX BUCOKOWBUOKICHO20 3imKHeHHs. OCHOGHU-
MU 3A60aHHAMU POOOMU € GUBYEHHS 0COOAUBOCMEl NOBEOIHKU AIOMIHIEB020 Mamepiany npu 6naAue6i
BENUKUX OUHAMIYHUX HABAHMANCEHb, BUSHAUEHHS NOMEHYIUHUX CIAOKUX Micyb KOHCMPYKYil, oyinka
egexmugHOCmi ANOMIHIEGUX CNAABIE AK 1E2KO20 3AXUCHO20 MAMEPIANy, a maKoic po3pobKa pekome-
HOayill wodo nidsuwgenns ix miynocmi. Lle docnioocenns mae 0cooaU8y AKMYANbHICHb Y KOHMEKCH
CYYACHUX 8UMO2 00 CMBOPEHHS KOHCMPYKYIl, W0 HOEOHYIOMb BUCOKY MIYHICMb, 3HUICEHY 642y mda
eKOHOMIUHY ehexmusHicms. Tpaouyiiini mamepianu, maxi K Cmaib, 0eMOHCMPYIOMb UCOKY CMIli-
Kicmb 00 MEXAHIYHUX 6NAUBI8, OOHAK iX 3HAUHA MACA OOMENCYE MONCIUBOCI 3ACMOCYBAHHS 6 baza-
mbox chepax, HanpuKIaod, y MpaHCROPMHIN 2any3i YU agiayii, 0e MiHIMI3aYyis 6a2u € KPUMUYHUM na-
pamempom. Hamomicmo aniominiesi cnaasu, 3okpema Al 7039, maioms nusexy winvuicms ma ooc-
MAmMHI0 MIYHICMb, WO poodUms iX nepcneKmugHUMU 05l BUPIUWEHHS 3a80aHb I3 3axucmy 06 'ekmis, Oe
BANCIUBUM € OANAHC MIdIC 3AXUCMOM | MOOINbHICMIO. [J00AMKOB0 MEMOI0 € AHANi3 30aAMHOCINE ANIOMi-
HIEGUX CNIABIE 00 NO2TUHAHHS eHepeii yoapy ma OYiHKa iX 0068208I4HOCMI 8 eKCIMPEMATbHUX YMOBAX.
Buxopucmanns memoodie komn'tomepnoco moolenosanns, makux Ak sena ounamika (Explicit
Dynamics), dozeossie 3 ucokoio mounicmio 00CHiOUmMuY npoyecu Pyury8anHs ma nAacmuihoi oepop-
Mayii mamepiany, a MaxKod’C 3eKOHOMUMU YAC i pecypcu NOPIGHAHO 3 NPOBEOCHHAM PEalbHUX eKche-
pumenmis. 3acmocyganusi mooeni [concona-Kyka 3abesneuye epaxysanns 6niugy memnepamypu,
weuoxkocmi degpopmayii ma 3MIYHEHHs Mamepianry HA 1020 N0GediHKY Ni0 uac yoapy, ujo 00380J8€
cmeopumu 0emaibHy KapmuHy npoyecis, ski 6i0oysaromocs ¢ mamepiani. Oxpemuil inmepec cmaHo-
8UMb PO3POOKA 6A2AMOWAPOBUX KOHCMPYKYIU 13 ANFOMIHIESUMU NIACHMUHAMU, RIOCUTCHUMU Kepamiy-
HUMU mamepianamu, OJis 3MEHUWEHHS 2IUOUHU NPOHUKHEHHs ma MIHIMizayil hpaemenmayii yoapHo2o
mina. Takum 4unom, OMpUMaHi pe3yrbmamu MoJCyms Oymu 3acmoco8ani 0iisk CMEOPEHHsI HOBUX [H-
JICEHEPHUX piuleHb Y chepax asiayilinoi, agmomoOiIbHOl ma GiticbKo80i NPOMUCIOBOCHI, 0e GUMOSU
00 3HUIICEHHA a2y KOHCMPYKYIli NOEOHYTOMbCA i3 3a0e3neUeHHAM GUCOKO20 PIBHS 3aXUCTY.

Knrouoei cnosa:. ounamixa yoapy, anioMiniegi cniasu, KOMR'TomepHe MoOeno8anHs, aHAli3
deghopmayii, nonecuienuti 3axucm, NO2IUHAHHSL eHepeii, BUCOKOWBUOKICHUL YOap.

Problem’s Formulation

The study of modeling the impact of high-velocity objects on aluminum plates provides valu-
able insights into the material's behavior under impact loads and helps identify potential areas for im-
provement. This research holds practical significance in industries where a balance of protection,
lightweight design, and cost-effectiveness is critical.

Traditional protective materials, such as steel, offer high strength but are considerably heavy,
which can limit the efficiency and mobility of certain applications. Aluminum alloys present an alter-
native for scenarios requiring reduced weight and substantial durability, making them a viable choice
for lightweight yet robust structural elements.

Analysis of recent research and publications

The analysis of scientific literature highlights the effectiveness of using mathematical and
software modeling for various tests and experiments. Aluminum alloys have been examined as com-
ponents of composite materials [1], as standalone protective materials [2], and in comparative studies
with other materials [3, 4].

Computer modeling of material damage processes offers the ability to analyze deformation
and fracture characteristics while achieving significant savings in time and resources. Additionally, it
provides the advantage of flexible and adaptive process control. The literature review indicates a
strong correlation between modeling results and experimental impact tests, confirming the rationality
of using this approach.
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Formulation of the study purpose
Study of damage features and plastic deformation of aluminum material.
Presenting main material
The Johnson-Cook fracture model was used to model the plate damage. This model takes into
account strain hardening and the dependence of stress on strain rate and temperature.

g = (A + Bs‘pn)(l +C-Ine)1 - (T*)*), T*= T-Ty

Tn—To'

where e — is the effective plastic strain; ¢ =e /e, is the effective plastic strain rate, e,=1-c™; A, B, n,
C, m are constants that depend on the material properties and are determined experimentally; To, Ty, are
the ambient temperature and melting point of the material.

The fracture deformation process is determined by the ratio:

ef = (D; + Dyexp(D36*))(L + Dy Ine*)(1 + DsT*),

where D; (i = 1, .. ., 5) are the material parameters; y~ is the stiffness coefficient of the stressed state.

The failure model describes the damage history of each element using the damage parameter
D. Failure of an element occurs when D > 1.

LEE
To reduce the total time for calculating the problem, an axisymmetric problem formulation
with a constraint on the x-axis was created (Fig. 1) using the “fixed support” tool to the outer edges of
the material under study.

Fig. 1. Schematic representation of the axisymmetric model formulation

The formulation is shown schematically in Fig. 1. The finite element mesh was created using
the “HEX Dominant” method for the plate and the “Tetrahedrons” method for the ball.

The mesh element size is 0.5 mm. The tetrahedral mesh was chosen for modeling the ball due
to the optimal balance between the quality of the deformation modeling process and the resource in-
tensity of modeling the named parameter.

Setting up analysis parameters:

» The general setting option in Explicit Dynamics was set to “High-speed”;

e The final calculation time is 1-10s;

e The material erosion parameter is erosion by plastic deformation and material fracture, where
the plastic deformation parameter is 1.1; the inertia transfer of the compensated material is active.

The plate was chosen with a thickness of 10 mm and a radius of 25 mm. The object is of 5.45 mm.
The object velocity is 900 m/s. The properties of both materials are presented in Tabl. 1 and 2. For the ma-
terial aluminum 7039, the values of the coefficients for the Johnson-Cook model are presented.
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Table 1. Material parameters of Al 7039 [5]

Property Meaning Unit
Density 2770 J/m?
Heat capacity at constant 875 J /kg-C°
pressure, C,
Shore's module 2,76e+10 Pa
Mie-Grsneisen equation of state
The Greneisen coefficient 2 —
Setting C1 5328 m/s
Setting S1 1,338 —
The Johnson-Cook model
Setting A 3,37e+8 Pa
Setting B 3,43+8 Pa
Setting C 0,41 —
Setting m 1 —
Setting n 0,01 —
Melting point 603,85 ce
Table 2. Material parameters of brass C37700 [6]
Property Meaning Unit
Density (] 8267 Kg/m®
Heat capacity at 377,1 J/kg-C°
constant pressure, C,
Shore's module 3,7156e+10 Pa
Jung's module, £ 9,995e+10 Pa
Poisson's ratio 0,345 —
All-round crimping 1,0747e+11 Pa

module, K

The image depicts the results of a CAE (Explicit Dynamics) simulation of a high-speed object
impacting an aluminum plate. The color scale on the left indicates the intensity of elastic stresses gen-

erated in the plate at the moment of impact.

The red areas represent regions with maximum stress values, while the blue areas denote min-
imum stress values. Stress values are measured in units of "mm™Ne," reflecting the level of deforma-
tion at various points on the plate. The maximum stress value at this stage is 0.04945 mm~™Ne. The
finite element mesh visualizes the structure and distribution of elements used for modeling the materi-
al and monitoring stress behavior. Red markers may indicate material fragments or particles separated
from the main body due to elevated stress levels. This analysis provides a visual representation of the
impact zone, stress intensity distribution, and potential regions of material deformation or failure un-

der load.
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Fig. 2. Elastic Strain intensity

The change in the Kinetic energy of the object is approximately 422.46 J (Fig. 2), but it rapidly
decreases to zero, indicating that the energy is completely absorbed by the plate material. In contrast,
the internal energy of the plate increases from 0 J to about 100 J, where it stabilizes, indicating that the
energy transfer due to deformation is complete.

The Hourglass Energy value remains low at around 10 J, indicating minimal numerical errors
in the model (Fig. 3). The contact energy shows negative values, starting at about -47.338 J and stabi-
lizing at zero, indicating the end of the interaction between the object and the plate.

Fig. 3. Graph of the dependence of the specific energy of the material on time
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The progress of the simulation by cycles and demonstration of VVon Mises stresses is presented
in Tabl. 3.

Table 3. demonstration of step-by-step penetration and breakdown of the plate and Von Mises
stresses

a) n=200; t=4,1 (s n=400; t=6,9 (s

b) n=1000; t =13 s C) n=1800; t =22 s

d) n=4200, t=32.5 s e) n=7400; t=46 s
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The image shows the stages of modeling the impact of a object on aluminum plate at different
time intervals. Each snapshot shows the stress distribution in the plate at different time points, which
characterizes the process of object penetration and material deformation.

a) t=0 [Is — Initial state, before contact. The plate is in an undeformed state.

b) t=14.29 [1s — The beginning of the ball penetration. The initial deformation of the plate
around the contact zone is visible.

c) t=20.03 [1s — The penetration process continues, the deformation increases, and more in-
tense stress is visible around the contact zone.

d) t=24.15 s — The deformation zone becomes wider, the stress is spreading further into the
plate.

e) t=27.67 (s — The object penetrates deeper into the plate, the strain continues to expand ra-
dially from the impact point.

) t=30.79 [1s — The final stage of the simulation, when the plate deformation reaches its max-
imum values and the object has reached the maximum penetration depth.

This set of images illustrates the process of object interaction with aluminum and shows how
the impact energy is transferred to the material, causing its plastic deformation and stress distribution
in the impact zone.

Conclusions

The paper investigates the damage process of a 7039 aluminum alloy plate under the impact of
a solid brass object with a diameter of 5.45 mm. The modeling results were consistent with experimen-
tal data from similar studies, confirming the validity of the chosen approach. The simulation demon-
strated complete penetration of the plate by the object, accompanied by its partial fragmentation. To
achieve the desired level of impact resistance, it is recommended to reinforce the aluminum plates
with a layer of alumina ceramic, which would minimize object’s fragmentation and significantly re-
duce the depth of penetration. The detailed design and optimization of such a reinforced composite
structure will be the focus of future research.
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