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Abstract

Introduction. Numerous researchers of the reliability of building structures pay attention to hardness, an important
characteristic of the structural material. It is determined by indentation — pressing the tip of the tool into the surface. The
advantages of dynamic indentation methods and the distribution of stress intensity on the surface and inside the sample
are investigated. However, the condition of layered materials on impact has been poorly studied. The objective of the
presented work is to consider indentation for a two-layer sample and determine the sensitivity of the top layer to the
strength of the substrate. This will allow us to identify significant characteristics of the strength properties of
homogeneous and heterogeneous structures.

Materials and Methods. An elastoplastic model of material behavior and a shock indentation scheme were used, which
took into account the masses of the indenter and the striker coupled by linear springs. The surface of the indenter was
conical, the opening angle was 120°. The impact was simulated in the MATLAB system. Finite element model in Ansys
APDL was used to verify the data and analyze the results of the experiment. Traditional models of elasticity theory were
used for calculations. The behavior of the material in the zone of plastic deformation was described using the options of
multilinear isotropic hardening and the von Mises plasticity criterion.

Results. The results of comparing three versions of varying the level of yield strength in the bottom layer are presented:
when the yield strength in the bottom layer is half as high as the top one, equal to it, and twice as high. Displacements at
different observation points for samples with a top layer of 2 mm and 1 mm were analyzed. In the first case, under horizontal
shear, the displacement indices inside the sample did not change if the yield strength level was twice lower or higher than in
the top one. If these indicators were equal, the difference became noticeable. In the second case (layer 1 mm), the difference
in displacement was visible at all observation points. Thus, it can be reasonably concluded that a structure with a smaller top
layer is more sensitive to impact. In the course of the research, it became known that vibrations associated with the transition
to the plasticity zone occurred in the 2 mm zone, and elastic damping vibrations occurred below this zone. We solved the
classification problem for the top layer of the material with changing characteristics of the base. The indicator for comparison
was the Brinell hardness (HB) in the range of 200—600. The results were processed using a neural network and visualized in
the form of graphs. The accuracy of its calculations was 98%.

Discussion and Conclusion. To determine the strength properties of homogeneous structures, it is sufficient to
characterize the speed of displacement inside the sample. For an inhomogeneous structure, additional parameters should
be introduced — displacements on the surface and inside the sample at fixed observation points. An integrated approach
to determining the strength properties of an inhomogeneous structure improves the accuracy of calculations, and the use
of neural networks increases their speed.

Keywords: multilayer structure, layered material on impact, yield strength level, Brinell hardness, strength of
heterogeneous structure
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OpueuHa/l bHOe dMnupudeckKoe uccnedosamnue

Omnpenenenne THHAMUYECKUX HANIPSIKEHUI U NepeMelleHuH NPU AeiiCTBUU yIapHOHT
HArpPy3KH Ha ABYXCJOHHYI0 KOHCTPYKLMIO B NpoLecce MHACHTHPOBAHUA
H.E. BaGymkuna" = D<), A.A. JIsnun

JloHCKOM rocyapCTBEHHbIN TEXHUYECKUI yHUBEPCUTET, T. PocToB-Ha-JloHy, Poccuiickas denepanus
DA< copybird@yandex.ru

AHHOTANNSA

Beeoenue. MHuorue ucciaeoBaTeNn HaEKHOCTH CTPOUTENBHBIX KOHCTPYKIIMH YAESIIOT BHUMaHUE TBEPAOCTH — BaX-
HOM XapaKTepHCTHUKE KOHCTPYKIIMOHHOTO MaTepuana. Ee onpenensior MHASHTHPOBaHHEM — BIaBIMBAaHHEM HaKOHEY-
HUKa HHCTPYMEHTA B MMOBEPXHOCTh. MCCenyoTcs MpenMyecTBa METOJ0B TUHAMUYECKOTO HHACHTUPOBAHHS, pacipe-
JieJIeHIe MHTEHCUBHOCTH HAIIPSDKEHHUH Ha IOBEPXHOCTH M BHYTpH 00pa3ua. OHAKO MaJio H3YYEHO COCTOSHUE CIIOMCTHIX
MaTepHaioB TIpH yaape. Llenw npencTaBieHHONH pabOTE — paccMOTPETh WHACHTHPOBAHUE IS IBYXCIOHHOTO 00pasna
1 OTIPENICIUTEH YYBCTBUTEIBHOCTD BEPXHETO CJIOS K MPOYHOCTH ITOIOKKH. DTO ITO3BOJIUT BBISIBUTH 3HAUNMBIE XapaKTe-
PHUCTHKH MIPOYHOCTHBIX CBOMCTB OZHOPOHBIX X HEOTHOPOIHBIX KOHCTPYKIIHH.

Mamepuanst u memoodst. VIcTions30BaN yIIpyro-miacTHIECKyI0 MOIETh IIOBEACHUS MaTepHata U CXeMy yIapHOTO WH-
JNEHTHPOBAHMS, KOTOpasi YYUTHIBACT MacChl HHICHTOpA M yJapHHUKA, CICIUICHHBIX JTUHEWHBIMU TpykuHamu. [ToBepx-
HOCTh UHJICHTOpa — KOHHMYECKasl, yroa packpeitus — 120°. Yxap MmonenupoBanu B cucteme Matlab. KoneunoanemeHt-
Hy10 Mozienb B Ansys APDL npumMeHusH 171t BepuUKaIliK JaHHBIX U aHAJIM3a PEe3yNIbTaToB dKcriepuMenTa. [is pacye-
TOB B3sUIM TPAJULIMOHHBIC MOJIENIN TeOpHH ynpyroctu. [loBenenne Mmarepraia B 00J1acTH IIaCTUUECKOTo JedopMupoBa-
HUS OMHUCAJIH C TIOMOIIBIO ONIMHA MYJIbTHIMHEHHOT0 H30TPOITHOTO YIIPOYHEHHS U KpUTEpHUs IUTacTUYHOCTH Museca.
Pezynomamul uccnedosanus. IIpruBoasTCs UTOTH CONOCTABICHHUS TPEX BApHAHTOB BapbUPOBAHUS YPOBHS IpeJiena Te-
KYy4eCTH B HI)KHEM CJI0€: KOTJa Ipeiesl TEKYyUeCTH B HIKHEM CJIO€ BIBOE€ MEHBIIIE BEPXHET0, PaBEH €My H B/IBOE OOJIBIIIE.
[TpoaHau3upoBaHbI NepeMelIeHHs B Pa3HbIX TOYKaX HAOMIOCHU AJIsl 00pa3IoB ¢ BepXHUM ciioeM 2 MM 1 1 MM. B niep-
BOM CJIy4ae IpH TOPH30HTAIEHOM CIBUTE HE MEHSIOTCS MTOKA3aTeIH IIepeMeNIeHII BHYTPH 00pasiia, eclii YpOBEHb IIpe-
Jiena TeKy9IeCTH BBOE HIDKE WM BBIIIE, YeM B BepxHeM. [IpH paBeHCTBE STHX MOKa3aTeleli pa3HHIla CTAHOBHUTCS 3aMET-
HoH. Bo BTOpOM cityuae (cioit 1 MM) pa3HuIa mepeMenieHnii BUaHa BO BCeX TOUKax HaOmoeHus. Tak MOKHO 00OCHO-
BaHHO 3aKJIIOYHTH, YTO KOHCTPYKIMS ¢ MEHBIINM BEepXHHUM cJoeM Oojiee YyBCTBHUTENIbHA K YAaPHOMY BO3JEHCTBHIO. B
XO0JIe U3BICKAHUH CTAJI0 H3BECTHO, YTO B 30HE 2 MM COBEPIIIAIOTCS KOJIeOaHMsI, CBI3aHHBIC C TIEPEXOIOM B 30HY IIACTHY-
HOCTH, HWXKE 3TOH 30HBI — YIPYTHe 3aTyXarolue Kouebanus. Pemmim 3aiaqy kiiaccupuKamuy 11l BEPXHETO CIIos Ma-
Tepuala ¢ MeHSIOIUMHICS XapaKTeprucTUKaMu ocHoBaHMA. [TokazaTens i cpaBHeHNsT — TBepaocTh o bpunenmo (HB)
B nmuana3zone 200—600. Pe3yapTaThl BU3yaIn3upOBaIIH B BH/IE T'PapUKOB 1 00padoTaiy ¢ MOMOIIb0 HelipoceTd. TouHOCTH
ee BBIUMCIeHui coctaBuna 98 %.

Obcyrcoenue u 3axnouenue. JIs onpenaeaeHns IPOYHOCTHBIX CBOWCTB OJHOPOIHBIX KOHCTPYKIMH TOCTATOYHO Xapak-
TEPUCTUKU CKOPOCTHU TepeMelieHns BHyTpu o0pasua. [y HeoAHOPOAHOW CTPYKTYpbl HEOOXOAUMO BBOJUTH JOTIOJHH-
TeNbHbIE MapaMeTpbl — MepeMEIICHHs Ha MMOBEPXHOCTH M BHYTpH 00pasia B (PUKCUPOBaHHBIX TOUKAX HAOIIOJCHUIL.
KomrurekcHBIH TOIX0 K OTIPEeIeIeHUI0 IPOYHOCTHBIX CBOMCTB HEOJHOPOIHOW KOHCTPYKIIMHU TOBBIIIIAET TOYHOCTH pac-
YETOB, a UCIOJIb30BAHUE HEUPOCETEN — UX CKOPOCTb.

KiroueBblie cjioBa: MHOTOCIOWHAas KOHCTPYKIIMS, CJIOMCTBIA MaTepHan NpH yAape, YPOBEHb IpeAena TEKy4YecCTH,
TBEPAOCTb 0 BpHHENTIO, MPOYHOCTh HEOJHOPOAHON KOHCTPYKLIUU

BaaronapHocTi. ABTOPBI BBIPaXAIOT 0J1arolapHOCTh PEAAKIUK U PELICH3eHTaM 32 BHUMATEJIbHOE OTHOLICHUE K CTAThe
Y 3aMEYaHUsI, KOTOPBIE MO3BOJIUIIH MTOBBICUTH €€ Ka4eCTBO.

Jna nutupoBanus. babymxura H.E., Jimmma A.A. OmnpezneneHre AWHAMITIECKHX HAMpPsDKEHWH W TIEpEeMEIeHUH TpU
JIEHCTBUH yIapHOH Harpy3KHy Ha ABYXCJIOHHYIO KOHCTPYKIIMIO B TIpoLiecce HHAeHTHpoBaHus. Advanced Engineering Research
(Rostov-on-Don). 2024;24(3):264-273. https://doi.org/10.23947/2687-1653-2024-24-3-264-273

Introduction. When designing and operating building structures, strict requirements are specified to their strength
and reliability [1]. The literature discusses the issues of reliability of the structure [2], as well as the preservation of its
operational properties throughout its entire service life [3].
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From an engineering point of view, hardness is one of the important material specifications. It is associated with
mechanical properties, such as yield strength, tensile strength, endurance, etc. Hardness of the material is determined by
pressing the tip of the tool into the surface. There is a distinction between static and dynamic indentation. The static
indentation test involves the indentation of a solid indenter into a flat and smooth surface of a soft material (target), whose
mechanical properties are determined by the measured dependence of the applied load on the depth of penetration. Static
methods do not allow us to evaluate the physicomathematical characteristics of the material under dynamic loading
conditions [4]. Dynamic indentation methods are used for this purpose [5].

GOST R 56474-2015" presents dynamic indentation as the introduction of an indenter into material under the action of a
single shock pulse created by a special acceleration device or gravity. This approach applies to non-destructive testing methods.
Their basic principle is safe inspection, determination of the integrity, and basic working properties of the object [6]. The primary
advantage is the ease of use.

Indentation testing is a complex process that includes contact mechanics, material nonlinearity, and fracture
mechanics. For general cases, it is very difficult to obtain analytical solutions. Therefore, the understanding of the
processes under consideration is based mainly on experiments and finite element modeling.

Elastic contact was first studied by G. Hertz [7] at the end of the XIX century. He tried to find an accurate definition
of hardness using an elastic process. Later, J.V. Boussinesq developed a method based on potential theory for calculating
stresses and displacements in an elastic body loaded with any rigid axisymmetric indenter. As for the depressions
associated with plastic deformation, early research focused on yield strength and tensile strength.

Publications pay attention to the methods of dynamic indentation to determine the strength properties of structures.
Thus, N.N. Avtonomov and A.V. Tololo considered the problem of pressing a spherical indenter into an elastoplastic
material [8]. The authors analyzed the distribution of stress intensity on the surface and inside the sample. Thus, it became
known that the zones of maximum intensity are located at a short distance from the contact zone of the indenter and the
sample, and expand with increasing load.

Foreign authors [9] have developed a method of dynamic indentation, which consists in measuring the depth and
reaction to the load of the sample during the indentation process. To determine the depth, a displacement measurement
method based on moire interferometry was used. The load was measured with a quartz sensor. The results of numerical
simulation by the finite element method indicated that this approach was in good agreement with the values obtained
using traditional methods for determining the strain rate.

Scientists considered strength properties of materials in the indentation process. Many papers are devoted to this, for
example [10]. The study of the behavior of the “target” under the mechanical loads plays a key role in the development
of new materials, structures and products [11]. Comprehensive research makes it possible to solve the problems of
optimizing operating procedures, providing the reliability of structures, and preventing failures in their operation.

The solutions obtained open up the possibility of creating more efficient and sustainable structures [12], which
determines the relevance of research in this direction. At the same time, the issue of the state of layered structures under
impact is still insufficiently studied.

The work is aimed at analyzing stresses and displacements in a two-layer structure and identifying the sensitivity level
of the top layer of the sample to the strength of the substrate. The study will allow us to establish significant characteristics
for determining the strength properties of homogeneous and heterogeneous structures.

Materials and Methods. The diagram of the impact indentation device is shown in Figure 1.

ﬁF(f)

1111777777177

Fig. 1. Diagram of the impact indentation device

" GOST R 56474-2015. Space Systems. Non-destructive Testing of Physical and Mechanical Properties of Space Technique's Materials and Coatings
by Dynamic Indentation. General Requirements. Electronic Fund of Legal and Regulatory Documents. URL: https://docs.cntd.ru/docu-
ment/1200122009 (accessed: 14.05.2024).
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The system of differential equations corresponding to the dynamics of the mechanical elements of the shock
indentation device has the form:

mx; =k (x2 _xl)_F(t)’

. 1

myxy =—kyxy —ky (X, —x;).

This is how the oscillatory process of a dynamic system with two masses is described: m; — mass of the indenter;

my — mass of the striker. The masses are coupled by linear springs with stiffness &; and k», respectively [13]. The values

of vertical displacements x;(f), x2(f) as degrees of freedom of massive elements are unknown in time. The striker was
cocked to height 4. After descending, at the moment of contact with the indenter, he reached the speed

kyh?

V20 = 2gh+ " .
2

Thus, the initial conditions should be added to the system (1):
x(0)=0,%,(0)=0,x,(0)=0,x,(0) =vy. 2)

Value F(¢) of the resistance force from the injected material is unknown.

We assume that the surface of the indenter is conical with opening angle a = 120 degrees. Therefore, it is required to
use an elastic-plastic model of the behavior of the test material. At the apex of the cone, the onset of impact and plastic
deformation coincides.

The impact process was modeled in the MATLAB system. This made it possible to select the mechanical parameters
of the installation. A finite element model in the Ansys APDL environment was used to verify the data and analyze the
results of the experiment. A two-layer construction was considered. Its displacements and stresses arising in a two-layer
sample under the action of a dynamic load were analyzed. Traditional models of elasticity theory were used in the
calculations. To describe the behavior of the material in the zone of plastic deformation, the options of multilinear
isotropic hardening and the von Mises plasticity criterion were used:

f(c,cy)=ce—cy=0. 3)

where 6. — von Mises equivalent stress, G, = \/%(c: c —%tr(c)2 j, o, — uniaxial yield strength.

To control the convergence accuracy, a finite element grid was pre-selected. When studying the parameters of a two-layer
structure, we considered three options for varying the level of yield strength in the bottom layer in three cases — when the yield
strength in the bottom layer is half as high as the top one, equal to it, and twice as high (Table 1).

Table 1
Structure and Parameters of the Studied Structures
No. Level, mm
Level of yield strength in the bottom layer relative to the top one ’
(strength coefficient K) top bottom

1 1/2

2 1 1 9

3 2

4 1/2

5 1 2 8

6 2

A detailed analysis of the displacements at different observation points clearly shows the difference in the nature of
displacements in the zone of plastic deformations. To study the displacements, the following scheme was selected (Fig. 2).
The top layer of the structure was highlighted in a darker gray color for clarity.
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1 3 5 Sample surface 1 3 5 Sample surface
-1.5mm @ —-1.5 mm
-2.5mm @ —2.5mm @
a) b)

Fig. 2. Determination of points for measuring vertical and horizontal displacements: @ — construction with a top layer of 1 mm;
b — construction with a top layer of 2 mm. Numbers 1, 3 and 5 indicate the level of yield strength in the bottom layer relative
to the top one in accordance with Table 1

Research Results. Figure 3 shows a comparative characteristic of the displacement level on the sample surface with
a horizontal shear of the observation point from the impact point.
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Fig. 3. Displacements on the sample surface at various contact points: a, b — at the 1st contact point;
¢, d— at the 3rd point on the surface; e, f, — at the 5th point on the surface
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Evidently, for a two-layer structure with a top layer of 2 mm, a change in the yield level at the 1st and 3rd contact points
during horizontal shear does not affect the displacement parameters inside the sample. At the 5th point, the difference
becomes noticeable. For a structure with a top layer of 1 mm, the difference in the level of displacement is noticeable at all
observation points. It can be concluded that a structure with a smaller top layer is more sensitive to impact.

Figure 4 shows the distribution of stress intensity at different levels of the top coating. These data suggest that
fluctuations associated with the transition to the plasticity zone occur in the 2 mm zone, and elastic vibrations that fade
over time occur below this zone.

?{!_

I | —  —
129 842 511E+08 .102E+09 153E+09 204E+09
256E+08 766E+08 .128E+09 179E+09 .230E+09
a)

— L |
140 036 S11E+08 .102E+09 153E+09 .204E+09
256E+08 766E+08 128E+09 179E+09 230E+09
b)

o~

— I I
411 065 935E+08 187E+09 .280E+09 373E+09
470E+08 .140E+08 233E+09 326E+09 419E+09
c)

Fig. 4. Stress intensity at different values of strength coefficient K, MPa: a — K=0.5; 6 —K=1;c—K=2
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Figure 5 shows graphs of stresses on the surface at various observation points.
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Fig. 5. Stresses on the sample surface at various contact points: a, b — at the contact point;
¢, d — at the 3rd point on the surface; e, f, — at the 5th point on the surface

To analyze the influence of the base on the strength properties of the sample, the problem of classification [13] by the
value of Brinell hardness (HB) of the top layer of the material with varying characteristics of the base was solved. Within
the framework of the study, five classification groups were identified (Table 2).

=
= Table 2
_§ Classification Groups
'g No. Group Value of HB
§ 1 I 200
P 2 11 300
§ 3 111 400
4 v 500
5 A% 600

270


https://vestnik-donstu.ru/

Babushkina NE, et al. Determination of Dynamic Stresses and Displacements under the Action of an Impact Load ...

The calculated values obtained using a mathematical model were fed to the input of a neural network. Figure 6
shows the values of speeds and displacements for the selected hardness groups.

2.0
1.5
1.0

0.5

Speed, m/s

0.0
—0.5

-1.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time, ms
a)
0.6
0.5
0.4
0.3

0.2

Displacements, mm

0.1

0.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time, ms
e | — 11 v —]

b)

Fig 6. Calculated values for classification groups:
a — rate of indenter introduction; b — displacements

For further data processing, a created and trained neural network with a fully-connected structure was used [14]. It is
worth noting that neural networks have extensive capabilities in solving this type of tasks [15], in particular, in the sphere
of construction [16]. Neural networks are often used for qualitative assessment, forecasting and monitoring of the
condition of building structures [17], as well as for parametric identification of objects [18]. The increase in computing
power of neural networks directly affects the development of their functionality [19].

The accuracy of neural network calculations was 98%. Therefore, the neural network correctly analyzes the
experimental data and is able to adequately take into account the behavior of the material under shock loading.

Discussion and Conclusion. Thus, the analysis of the distribution of displacements and stresses in the sample allows
us to draw a number of conclusions.

1. Level of vertical displacements in the wave process is much higher than in the horizontal one.

2. Level of stiffness of the substrate affects the distribution of displacements and stresses.

3. In the more solid bottom layer, the displacement is noticeably less than in the soft one.

4. Top layer is sensitive to the strength of the substrate if its height does not exceed 1 mm.

5. With distance from the indentation site, the deformations become elastic, the stress does not go out into the zone of
plastic deformations.

Based on the research results, it can be argued that to determine the strength properties of homogeneous structures,
one value characterizing the speed of displacement inside the sample is sufficient. For an inhomogeneous structure, it is
required to introduce additional parameters, such as displacements on the surface and inside the sample at fixed
observation points. An integrated approach to determining the strength properties of an inhomogeneous structure will
improve the accuracy of calculations. And the use of neural network technologies to solve this type of problem opens up
the possibility of faster calculations.
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