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Fatigue crack initiation in martensitic steels

The paper focuses on the identification of crack initiation site in two martensitic steels, a 12Cr
fully martensitic steel and a 9Ni martensitic steel containing nanometric austenitic lamella
along the martensite laths. Despite the complex hierarchical microstructure of the two steels,
and thanks to advanced microscopies especially HR- SEM and HR-TEM, the location of the
intrusions i.e. crack embryos has been unambiguously identified. Moreover, a model for
extrusion-intrusion formation in these two martensitic steels is proposed based on a model
from the literature developed for simple microstructure materials.

Introduction. Martensitic steels are widely used in many engineering fields ranging
from chemical and energy industries [1] to the transportation sector (automotive,
aircraft) [2] where high strength, resistance to aggressive environments, durability and
safety of components made of these materials are required. If the aggressivity comes
from corrosion, Cr-containing steels are necessary and enter the class of martensitic
stainless steels if the Cr content is over 10.5 wt. %. However, if the challenge is to resist
against low temperatures such as LNG tankers or pipes, Ni- containing steels are
preferred. In addition, the working conditions submit these components to cyclic loading
which can result in failure by fatigue. The understanding of fatigue damage is therefore
essential to guarantee their reliability during their use. The paper summarizes the results
obtained inside this issue according to the following questions:

1) how to determine precisely the location of fatigue crack embryos in such complex

microstructure materials?

2) How crack initiation proceeds in such materials?

Fatigue failure. All other things being equal (temperature, loading stress value,
environment...), the resistance to fatigue failure can be managed, among other ways, by
the control of the microstructure of the materials. However, this can be achieved only if
the base mechanisms of fatigue failure are known and understood. It is well accepted
that for a material free of defects, the fatigue life comprises a period of crack initiation
leading to a development at the surface to a short cracks network. Then a few of these
short cracks propagate as long cracks into the bulk until the final failure (Figure 1).

Lang Crecs
wrowh

Figure 1 : the different steps leading to fatigue failure



The mechanism of fatigue crack initiation is today well described and understood for
materials featuring a simple microstructure such as copper or 316L stainless steels [3].
Indeed, these materials are single phased with austenitic grain boundaries as
crystallographic interfaces. Martensitic steels have a much more complex
microstructure since they exhibit the so-called hierarchical microstructure (Figure 2a). A
martensitic grain is composed of packets which contain a group of parallel blocks, each
block containing laths. Depending on heat treatment and chemical composition,
dislocations in laths, precipitates at or out of all interfaces, ferrite and retained austenite
may be present. Figure 2a shows the microstructure of the martensitic structure (12Cr
steel) observed by TEM (Transmission Electron Microscopy).
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Figures 2: (a) schematic representation of a martensitic grain pointing out the
hierarchical feature and (b) TEM image of the martensitic microstructure

Materials. The two materials employed for the investigation of crack initiation are the
12Cr steel (X19CrMoNbVN11-1) and the 9Ni steel (X8Ni9). The former was quenched
after 1 h solution treatment at 1110 °C and then tempered 4 h at 680 °C at the production
plant. The microstructure was fully martensitic without ferritic islands and retained
austenite but contained carbides. The latter was austenitized at 900 °C followed by
water-cooling. The microstructure comprises a martensitic matrix with nanofilms of
retained austenite along martensite laths in a volumic fraction of 8%.

Fatigue experiments. Flat LCF (Low Cycle Fatigue) specimens were cut according to
ASTM E606 by spark erosion. The specimens with a gauge length of 12 mm and a cross-
section of 6 mm x 3 mm were prepared by mechanical polishing and finished with a %
um diamond paste. Most of the results presented in this paper were obtained from LCF
tests performed at room temperature under total strain control

Agr = 1.2%. The strain measurement was achieved by using an extensometer attached to
the gage part of the specimen. A triangular signal characterized by a strain rate of 4 10
3s1and astrain ratio R; = -1 was used. Other strain ranges were also investigated.

Tool selection for crack initiation identification. Since cyclic loading results in a
roughness of the surface, it seems logical to employ tools that allows imaging the
evolution of the surface relief which assessment can serv as an indicator of accumulated
fatigue damage [4]. HR-SEM (High Resolution Scanning Electron



Microscopy) can provide very high resolution images of the surface but the observed
relief cannot be measured. Confocal microscopy coupled with a scattered light sensor
(OS 500) [5] and AFM (Atomic force Microscopy) [6] may overcome this problem.
However, these technics are very well adapted to image extrusions but cannot provide the
shape and dimensions of the intrusions. For that, we have decided to extract
perpendicularly to intrusion-extrusion pairs a thin lamella of material from the surface to
the bulk by FIB (Focused lon Beam). Therefore, in the present study, analysis of
intrusions-extrusions were performed by HR-SEM and AFM directly on the surface of
the fatigued specimen and by HR-TEM of the thin lamellas.

Results

Relief assessment. It is interesting to note first despite the very complex microstructure
of both materials (12Cr and 9Ni), the extrusions exhibited the same shape as found in
copper, i.e., band-like, coarse, cord-like, protrusion, ribbon-like and tongue-like
extrusions. An example of some of them, the ribbon-like extrusion, is shown in Figure
3. Extrusions appeared very early in the fatigue life of the material. Their evolution
depends on the applied strain range and of the fatigue lifetime.

load axis

Figure 3 — HR-SEM images showing the progressive emergence of extrusions (pointed
by the arrows) in the 9Ni steel at (a) 2% (b) 5% and (c) 50 % of the fatigue life (Aet =
0.9%)

In the 12 Cr steel, the evolution of the average height (sum of all the measurements
divided by the number of performed measurements) of principal extrusions during
fatigue at Aet = 1.2% grew as follows: 4 + 2 nm at the first interruption of ' cycle, 21.4
+ 14 nm after 100 cycles, 55.2 + 30 nm after 500 cycles to 68 + 37 nm at the end of life
(1130 cycles). The rate of height growth of principal extrusions in the studied martensitic
steel decreased drastically from 8 nm/cycle at the beginning of loading to 0.02 nm/cycle
at the end.

Figure 3 also shows that it is very difficult to conclude without any doubt where is the
intrusion: exactly along the lath interface or just a little bit close?

Accurate intrusion-extrusion location. The observations by HR-TEM of the thin
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lamellae extracted by FIB are shown Figure 4.
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Figure 4 — HR-TEM images of thin lamellas showing accurately the sites of extrusions
and intrusions in the 12Cr steel (a) and in the 9Ni steel (b) — fatigue test at Agt = 1.2%

The micrographs show unambiguously that the location of the intrusion formed by
cyclic loading differs between the two steels. In the 12Cr steel, the intrusion forms just
at the lath interface while in the 9Ni steel the intrusion nucleates close but not right at
the lath interface, i.e., inside the lath. The image also shows the power of the employed
technique to image intrusions and extrusions since it appears possible to evaluate the
space occupied by the extrusions and intrusions by measuring the depth of intrusions
and the pull out of the extrusions. It was found for the 12Cr steel that the intrusion depths
were equivalent to the extrusion heights. However, this was not the case for the areas of
extrusions and intrusions. The integrated sum of extrusion areas was found to be 3.5
times superior to that of intrusion areas. Although we cannot measure the real volume
of extrusions and intrusions, it seems that the intrusions occupy less space than the
extrusions. This is in a good agreement with the observations of Polak et al. [7].

Mechanism of crack initiation. The proposal of the mechanism of crack initiation in
the two investigated martensitic steels is based on Polak and Man’s model

[8] though it was established on non-hierarchical microstructure materials. It appeared to
be attractive since it considers the extrusion emergence first and then followed by
intrusion nucleation which was observed in both 12Cr and 9Ni martensitic steels. In
their materials, two phases formed, the matrix (veins and channels) and the PSB (dipolar
walls and channels) separated by a virtual interface. Their approach is based on the mass
redistribution between the matrix and dipolar walls and channels of PSB due to the
vacancy migration caused by annihilation and multiplication of dislocations. However,
such phases as matrix and PSB are not observed in our 12Cr and 9Ni martensitic steels,
and therefore no interface of this type. An equivalent interface able to play the same role
as the interface between the matrix and the PSB in copper or 316L austenitic stainless
steel has to be identified. The lath interface in the present martensitic steels could play
the role of interface but their feature differs between the two steels. In the 9Ni steel,
martensitic laths are decorated by a film austenitic film which is not the case for the 12Cr
steel (Figure 5a). For the 12Cr steel, the lath boundaries appear as relevant interfaces
since there were no else. Starting the cyclic loading of the materials results in a
rearrangement of the initially present dislocations and activation of new slip sources.
Slip bands form in which a strong



cyclic activity occurs near the lath boundaries beside less plastically deformed zones
generating a virtual interface. A slight relief is forming at the external surface in regards
with the slip bands (Figure 5b). The nucleation, movement and interactions between
dislocations produce vacancies and interstitials. The presence of the austenitic film
modifies considerably the stress field along the lath interface. The y film acting as a
lubricant reduces the stress field along the lath martensitic while it is high in the 12Cr
steel. It turns out that the interface able to attract the vacancies was the lath martensite
for the 12Cr steel and the virtual interface between the plastic slip band and the quasi-
elastic matrix for the 9Ni steel. Moreover, the partial transformation of the austenitic
steel y enhanced the attractive behaviour since the transformation of the fcc phase into
the bcc one is accompanied by compression stresses (Figure 5¢). Then with further
cycling, vacancies accumulate at lath interfaces for the 12Cr steel and at virtual interface
for the 9N steel to nucleate the intrusion (Figure 5d). Finally, the intrusions continue to
grow up to a given size from which it become a microcrack (Figure 5e). A more detailed
description of the work can be found in [9, 10].

(a) bits (b) o o OO
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Figure 5: the different steps in the formation of extrusion-intrusion leading to microcrack



Conclusions

Two martensitic steels (a 12Cr and a 9Ni) have been fatigued at Aet = 1.2% to clearly
identify the accurate location of intrusion and extrusion. Advanced microscopy such
as HR-SEM and HR-TEM was employed successfully and allowed to draw the
following conclusions:
- Extrusions exhibit similar morphologies as those formed in simple
microstructure materials such as copper or the 316L stainless steel

- Extrusions form before intrusions
- Intrusions are located along martensite laths in the 12Cr steel while
they form near but away of the martensite lath in the 9Ni steel
- Intrusion nucleation can be explained by the movement of vacancies
along these interfaces
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Durability Assessment of Limited Life Additively Manufactured Aircraft Parts

This paper discusses advances in the science needed to assess the durability and
damage tolerance (DADT) of additively manufactured (AM) and cold spray additively
manufactured (CSAM) parts for fixed and rotary military aircraft and drones, as well
as cold spray repairs.

1. Introduction

The 2019 US Department of Defense (DoD) Memo, outlining the Policy and
Guidance for the Use of Additive Manufacturing (AM) in Support of Materiel
Sustainment [1], mandated that AM will be used to “increase logistics resiliency, and
improve self-sustainment”. United States Air Force (USAF) Structures Bulletin EZ-
SB-19-01[2] subsequently stated that the most difficult challenge facing the
airworthiness certification of an AM part is to establish an “accurate prediction of
structural performance” specific to its durability and damage tolerance (DADT). It
further stated that one of the primary considerations for a limited-life AM part is its
durability.

One of the initial challenges facing both AM and cold spray additively
manufactured (CSAM) aircraft parts is to rapidly build limited-life replacement parts
S0 as to maximize aircraft availability and alleviate logistics problems. At this stage,
it is important to note that USAF Structures Bulletin EZ-SB-19-01 [2] explains that
the airworthiness assessment of limited-life AM parts requires a durability analysis.
In this context USAF Structures Bulletin EZ-SB-19-01 [2] suggests a linear elastic
fracture mechanics (LEFM) analysis. What this means is an ability to predict the
growth of naturally occurring three-dimensional (3D) cracks. (Here it should be noted
that Lincoln and Melliere [3] explain that this requires the use of a valid ‘small-crack’
growth equation.)

As such, the focus of this paper is to address the tools needed to assess the
durability of AM limited-life replacement parts.

2. DADT Assessment of AM and CSAM Materials

AGARD-R-732 [4] is widely acknowledged as the seminal study into the

growth of small naturally occurring cracks. This study, and its companion study [5],
presented the small crack da/dN versus AK curves associated with tests on small
cracks in the aluminium alloy 2024-T3. The belief that the closure-corrected da/dN
versus AKeff curve can be used to give reasonable upper-bound (worst-case) estimates
for the small crack da/dN versus AK curve can be traced back to the report by Newman

etal. [46], which purported to use the data presented in [4] to support this hypothesis.



Unfortunately, as first shown in [7], not only did [6] omit the majority of the data
obtained as part of the AGARD Round Robin study [4,5,8,9], but it also omitted the
upper-bound da/dN versus AK curve given by Wanhill [8]. Unfortunately, as first

shown in [7] and can be seen in Figure 1, which s taken from [7], when the closure-
corrected da/dN versus AKest curve is plotted together with the data obtained by the
various Round Robin participants, we see that for small cracks with crack growth rates
(da/dN) less than approximately 108 m/cycle, the da/dN versus AKett curve cannot be
thought of as bounding the measured data and is less conservative than the upper-
bound curves given in [8,10].. Here it should be noted that the upper-bound curves

given in [8,10] essentially coincide.
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Figure 1. The R = 0.0 small crack growth data obtained in the AGARD Round
Robin study and reported in AGARD-R-732 [4] and in [5,9], the upper-bound
curve reported by Wanhill [8], the closure-free curve reported by Newman et al. in
[6], and the predicted upper-bound curve given in [10].

An important feature of the upper-bound curve derived in [10] and shown in
Figure 1, is that,in [10], this prediction was obtained using the Hartman-Schijve long
crack equation for 2024-T3 with the threshold term AKinr set to 0.1 MPa Vm.

2.1. The Hartman-Schijve equation

Before proceeding any further, it is necessary to introduce the Hartman-
Schijvecrack growth equation [11]. This equation can be written as:

da/dN = D (Ax)P @)
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where
Ak = (AK — AKthr)/N(1 — Kmax/A) 2)

Here, D and p are material constants, and AKir is the “true” fatigue threshold,
by which we mean the value of AK that, when substituted into Equation (2), results in
the computed value of da/dN being precisely equal to zero. The parameter A is the
apparent cyclic fracture toughness.

Equations (1) and (2) are now widely used to compute the fatigue life of AM
materials, see [12-18].

2.2. Predicting the worst-case (upper-bound) curve for AM materials

Having seen that the problems associated with using the closure-free curve to
estimate the upper bound curve, which is needed for a durability assessment, of 2024-
T3 could be predicted by setting the threshold term AKir in the Hartman-Schijve

equation, it should be noted that, as shown in [7], this has also been shown to hold for

a variety of AM materials, see.[7,10,12-22]. These materials include: AM Ti-6Al,4V,
Scalmalloy®, CP-Ti, Inconel 718, 18Ni 250 Maraging steel, and 316L steel.

Conclusion

The hypothesis that the worst-case crack growth curve, which is associated
with the fastest growing or lead crack, associated with naturally occurring three-
dimensional cracks, can be accurately estimated from the closure-free crack growth
curve is now known to be incorrect. This belief arose because the report by Newman

et al [6] omitted the majority of the data obtained as part of the AGARD Round Robin
studies. Fortunately, there is evidence that suggests that for AM materials, this worst-
case curve, which is needed for the airworthiness assessment of a limited-life AM
replacement part, can be estimated from the Hartman-Schijve crack growth equation
by setting the fatigue threshold term to a small value.
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Increasing the Tensile Strength and High-Cycle Fatigue Life of Cu-ETP
Copper Through Nonproportional Creep Predeformation

1. Introduction

In engineering practice, as well as in laboratory research, numerous methods
are applied to enhance the mechanical properties of structural materials. Examples
include heat treatment, thermo-chemical treatment, or surface layer modification in
processes such as burnishing, shot peening, surface hardening, etc. A frequently used
method is also the introduction of pre-deformation [1]. In the vast majority of cases,
pre-deformation is induced by unidirectional quasi-static loading. Sometimes the
process is carried out in several repetitions. Only very few publications in the
scientific literature address attempts to increase the strength of materials by applying
cyclic loading. The probable reason is the greater technological complexity of such a
process.

Many metals and their alloys exhibit cyclic hardening if, prior to loading, they
are in an annealed or normalized state, i.e. when the effects of previous technological
processes are eliminated. This phenomenon manifests itself as a gradual increase in
stress at constant strain amplitude, or a decrease in strain range under stress-controlled
conditions. Furthermore, under nonproportional loading, additional nonproportional
hardening occurs.

Nonproportional hardening is usually perceived as an unfavorable
phenomenon, accelerating the process of fatigue damage. Numerous models used to
predict fatigue life under complex loading conditions are in fact based on physical
quantities associated with nonproportional hardening.

Experimental studies have shown that nonproportional hardening is primarily
isotropic in nature, i.e. it leads to an increase in the cyclic yield strength. In this
research, the hypothesis was adopted that the phenomenon of additional
nonproportional hardening can be utilized to enhance instantaneous strength as well
as high-cycle fatigue life. The improvement of mechanical properties is to be achieved
not by introducing residual stresses, as in many other processes, but by generating
stable dislocation structures that are expected to act as obstacles to dislocation
movement induced by service loading. Another hypothesis assumes that the damage
caused by short-term cyclic nonproportional deformation is small, while the beneficial
effect is dominant.

2. Materials and methods

The experimental studies verifying these hypotheses were conducted on Cu-
ETP copper (Electrolytic Tough-Pitch, CWO004A/E-Cu58/C11000) with a purity of
over 99.9%, as a single-phase material [2]. Prior to testing, the samples were subjected
to recrystallization annealing at 500°C for 1 hour, followed by furnace cooling to
room temperature. The specimen geometry is shown in Fig. 1.
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Due to the small dimensions of the available specimens, it was not possible to
control the deformation of the gauge section using an axial-torsional extensometer.
Therefore, the tests were carried out by controlling stresses and displacements of the
grips of the testing machine. Strain ranges and the strain—stress relationship were
estimated based on an FEM model with an implemented kinematic—isotropic
constitutive material model.

The specimens were subjected to nonproportional hardening by applying
sinusoidal load cycles with a 90° phase shift. Two types of loading were used:
kinematic loading with zero mean values, and stress-controlled loading with a positive
axial mean value. The first type was intended to produce additional nonproportional
hardening, while the second type induced nonproportional cyclic creep (ratcheting).

Results

The applied nonproportional pre-deformation caused an increase in the
conventional yield strength by 115%, while nonproportional creep pre-deformation
increased it by 162% compared to the annealed material.

The fatigue life of specimens subjected to nonproportional pre-deformation, in the
elastic strain range under stress amplitude control, decreased to 74% at the stress level
of 120 MPa and to 94% at the stress level of 85 MPa. In contrast, for specimens pre-
deformed by nonproportional cyclic creep, fatigue life increased by 209% and 517%,
respectively.
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AHaJti3 BXiTHHX napamMeTpiB Mo/eJeii 6araToocb0BOi BTOMHOI JOBIrOBi4HOCTI
MeTOJaMH MAIINHHOI0 HABYAHHS

Poszensanymo nioxio 0o ananizy éxionux napamempie Mooenei npocHO3Y8aAHHsl 6MOMHOT
0doezo6iyHOCIi Memanie 3a 6azamoocvo8oco Hasawmaoicyeanns. Memoo SHAP
3aCcmMoco8ano ONisl BUABNEHHA GIOMIHHOCEN MIdC NPONOPYILIHUM | HeNnpONOPYItIHUM
HABAHMAICYBAHHAM, A MAKONHC MIdHC MAMEPIANamu 3 pisHUM pieHeM HenponopyitiHo2o
3MIYHEHHA MA 34 PEXCUMAMU MANO0- i 6a2amoYuKI060i 6Momu.

BromHa MOBroBiyHICTP METaNiB 3a 0araToOChOBOTO HABAHTAXKYBAaHHS €
OJIHIEI0 3 KITIOYOBUX MPOOJIEM CydacHOi MeXaHIKM MaTepialiB Ta imkenepii [1, 2].
Knacnuni kpurepii Ha 0CHOBI KpUTHYHOT IJIOMIMHHY, Taki K miaxoan @aremi—Coci [3]
ta Banra—Bpayna [4, 5], abo inBapianTi kpurepii, Taxi six Ito—Cakane—Onami—Coci
[6], mO3BONSAIOTE TOCHTH TOYHO OIMCATH IMPOINOPLIHHI PEKUMH HABaHTAKyBaHHS,
OIHAK iX 3aCTOCYBaHHS 10 HENPONOPLIHHUX TPAEKTOPiH 4YacTo € HEeIOCTaTHHO
HangidauM [7, 8]. lle 3yMOBJICHO JOAAaTKOBUMH e¢(eKTaMH, IO MPOSBISIOTHCS 3a
portaiiii TOJIOBHUX OcCell HalpyKeHb Ta aKTHBAIlil JOAATKOBUX CHCTEM KOB3aHHS [9]
Ta, 30KpeMa, SIBUIIEM HENpOIopIiiHoro 3minHeHHs [10].

Y cydacHHX JOCHIIDKEHHAX Bce OLIBIIOI yBarm HaOyBalOThb METOAU
MAIIMHHOTO HABUYAHHA, 30KpeMa INTYYHI HEWpOHHI Mepexi, ki 3a0e3meuyroTh
MOJKJIMBICTh BpaxyBaHHs CKJIaTHHX HETIHIHHUX 3aJIe)KHOCTEH Ta iHTerpailii BelnuKo1
KizpkocTi mapamerpiB [11]. BomgHouac BakIMBUM 3aBOaHHSIM  3aJMIIAECTHCS
iHTepIpeTalis MoOyJOBaHMUX MoOJeNed 1 BH3HAYEHHS pOJIi OKPEeMHX BXITHUX
mapamMeTpiB y TpPOTHO3yBaHHI JoBroeiuHocti [12]. [lng 1boro e(heKTHBHUM
inctpymentoMm € metox SHAP (SHapley Additive exPlanations) [13], sikuii nae 3Mory
KUTBKICHO OI[IHUTH BHECOK KOKHOTO MapaMeTpa B PE3yJIbTaT MOJAETI.

Mertoro wmi€i pobotn € 3acrocyBanHs SHAP-aHamizy Ui HOpPiBHSUIBHOTO
JOCIIJPKEHHS BX1IHUX ITapaMeTpiB Y MOJETSIX BTOMHOI JIOBTOBIYHOCTI, ITOOYJOBAaHUX
METO/IaMH MAIIMHHOTO HaBYaHHS, 13 ypaxyBaHHSM BiIMIHHOCTEH MiX PONOPLiHHIM
i HempoIOpLiifHUM HaBaHTAXYBaHHJIM, a TAaKOX MarepiaJaMd 3 Pi3HUM piBHEM
HETPOIOPLIHHOTO 3Mil[HEHHSI.

Jnst aHanizy Oyino BHKOPHUCTAHO eKCrepuMeHTanbHy 6asy 3 10 marepiasiis,
CTBOpEHY B po0oTi [12], sIKy JOMOBHEHO NAaHWMH UL L€ YOTHPHOX MaTepialis:
pyriteneBux craneid Q235B [14] Ta SA333 [15], nikeneBoro craBy GH4169 [16] 1
MarHieBoro cimuiaBy AZ61A [17]. o po3paxyHKiB 3alydaimucs MeXaHidHi
BJIACTHBOCTI MaTepiajiB, Taki sSIK MOAYIb MPYXHOCTI E, Momyns 3cyBy G, rpaHums
TEKy4oCTi Oy Ta MIIHOCTI Ou, BTOMHI XapakTepUCTHUKH y BHIIIAAI KOedillieHTiB
piBusHb  Koddina—MencoHa sl pO3TAraHHSI—CTUCKAaHHA Ta 3HAKO3MIHHOTO
KPYUYCHHS, a TaKOX IHapamerpu ukitigHoro 3minueHns K', n', Ko', no’, BusHaueHi
BIJIHOCHO BTOMHHX XapaKTEpPHUCTHK i IapaMerp HEHpOIOpLiiiHOro 3MilHEeHHS a*
3rigHO 3 pobdoToro [18].
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Sk mapaMeTpn HaBaHT)XXyBaHHS PO3IIINANHCS [iarma3oHH Aedopmariii i
HalpYXCHb Ha IUIOIIMHAX MaKCUMaJbHOI nedopMmalii 3cyBy Ta po3TAry, a TaKOX
IHTErpajbHUN MapaMeTp HemponopLiitHoCTI Fne, IKHH BUKOPUCTOBYETHCS y MiAXO1
Ito [6].

Iltyyna HelipoHHA MepeXa y BUIVIAAL 0araromapoBOro mepcentpoHa Oyna
HaBYCHAa Ha Wil 0a3i JaHUX 3 BHKOPUCTAHHSIM KpOC-Badijamii Ta ONTHMi3alii
rinepnapametpis. i1 iHTepnperarii pe3ynbTartiB 3acrocoBano Metoq SHAP, skuit
Jla€ 3MOTy OLIHHTH BHECOK OKPEMHX BXIJHHX IIapaMeTpiB y IPOTHO30BaHYy
JIOBTOBIYHICTh. 3 METOIO IIJBHINEHHS IHTepHpeToBaHOCTI pe3yinbratiB SHAP-

aHaJIi3y OyJI0 3alPOIIOHOBAHO ITOKA3HUK HOPMOBAHO20 KOHMPACTY
a—b
~ a+b’

ne a ta b — cepenni SHAP-3HaueHHs Ui pisHUX Ipyn AaHux (MpomopiiiHe Ta
HETPOIIOpIIiifHE HaBaHTa)KyBaHHS, MaTepiald 3 HU3BKUM Ta BHCOKHM piBHEM
HETPOIOPIIIHHOTO 3MIIIHEHH).

3anporOHOBAHUI IMOKAa3HWK JO3BOJISIE KUIBKICHO MOPIBHATH — BIUIMB
rapaMeTpiB MiX 3a3HaY€HHMH JIOMEHaMH B MeXkax cuMmeTpuuHoi mkamu [—1;1]. Ha
puc. 1 Ta puc. 2 HaBEJCHO JiarpaMH PO3CIIOBaHHS, IO BiTOOPAXKAIOTh PE3yJIbTaTH
koHTpactHoro SHAP-anamisy mnapamerpiB Marepially Ta HaBaHTaXyBaHHS 3
HOPMOBAaHMM KOHTPAacTOM JUISl BHINEBKAa3aHUX TpyHn JaHUX. BeprukampHa Bich
BifoOpaskae 3arajbHy BaXJIMBICTh MTApaMeTpPa, a TOPU30HTANIbHA — HOro HOPMOBaHUH
KOHTPACT, Jiec 3HaK BKa3ye Ha IepeBary Ul eBHOI KaTeropii.

[ponopiiise napanTaxysanng | Henpomopiufisne HABRHTAKYBAHIE
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Pucynoxk 1. Jliarpama xontpactHoro SHAP-aHani3y BXiJHUX apaMeTpiB U1
IIPONIOPLIHOTO Ta HENPOIOPIIHHOTO HABAaHTaXKYBaHHS.
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Pucynok 2. Jliarpama kontpactHoro SHAP-aHai3y napaMeTpiB AJs MaTepiaiis 3
HU3BKAM Ta BUCOKHM PiBHEM HETPOIIOPIIHHOTO 3MIIIHEHHS.

3 mpoBe/ICHOT0 aHalli3y OTPHMAHO HACTYIIHI pe3yJIbTaTH:

IIponopuiiine Ta Henponopuiiine HaBanTaxkyBanus. SHAP-anaii3
MOKa3aB, [0 HaOUIBII 3HAUYIIUM M9 TPOTHO3YBaHHS JIOBIOBIYHOCTI 3a
HETIPOTIOPIIHHUX TpaekTopiii € mapamerp FNp, SKHMit JEMOHCTpye MO3WTHBHHH
HOPMOBaHMII KOHTPACT, BOAHOYAC MApaMeTPH HABAHTAXYBAHHSA Afmax Ta AYmax €
O/IHAKOBO B&XKJIMBHAMH i 000X THIIB TpaekTopiil. 3i 3HAYyIIUX MaTepialbHHUX
rmapaMeTpiB I HENpONOpLifHOTO  HABaHTAXXYBaHHS  BUIULTIOTBCS  JESKi
koedimientn piBasHHS Koddina—MeHcoHa, a TakoX KOeQillieHT NUKIIYHOTO
3MinHeHHsa K.

Marepianu 3 HU3bKUM Ta BUCOKMM PiBHeM HelpPonopuiiiHOro 3MiliHeHHs.
st MarepianiB 3 BUCOKHM PiBHEM HEMPOIOPIIIIHOTO 3MIIIHEHHS, KIIOYOBY POJIb
BiirparoTh mapaMeTpu HMUKIITHOTO 3MIIIHEHHS, a TaKOX IUIACTHYHUN TapaMeTp &
piBasHHEs Koddina—MeHcoHa, sKi MOKa3and MO3UTUBHHUN KOHTPACT. Y MaTepiajiB 3
HM3bKUM pIiBHEM JOJATKOBOTO 3MIllHEHHsS BHIIMM BHSBHBCS BHECOK 0a30BHX
OPY)XHUX XapakTepHCTHK. [lapamMeTpu HaBaHTaXyBaHHA Yy 000X rpymax
JIEMOHCTPYIOTb NOJIIOHY Bary.

BucnoBku

Ha ocHOBi oTpuMaHKX pe3ynbTaTiB cOPMYITbOBAHO HACTYITHI BUCHOBKH:

SHAP-ananiz y mnoeaHaHHi 3 HOPMOBaHMM KOHTPAacTOM JO3BOJIHB
BUOKPEMHMTH IapaMeTpH, 110 II0-Pi3HOMY BIUIMBAIOTh HA IPOTHO3YBAaHHS
JTOBrOBIYHOCTI 3aJIeKHO BiJ JOMEHY 6araTo0oCch0BOI0 HaBaHTAXKyBaHHSI.

JInst HenPONOPLIHHUX TPAEKTOPIi KII0YOBHUM BHSBHBCS mapamerp Fnp, Toni
SIK A€max Ta AYmax 3JIMILAIOTHCS OJHAKOBO BaXKJIMBUMH SIK IS IPOMIOPLIHHOTO, TaK i
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HETIPOTIOPIIHHOTO THUIIIB HABaHTAXYBaHHA. JlOMaTKOBO MPOSBISETHCS BIUIUB
okpemux koedimientiB piBusHHS Koddina—MeHcoHa Ta mapamerpa LHKIIYHOTO
sMinHeHHd K.

Y MartepialiiB 3 BUCOKMM PiBHEM HEMPONOPLIHHOTO 3MILTHEHHS 3pOCTa€E POJIb
mapaMeTpiB UKIYHOTO 3MIillHEHHS Ta Koe(illieHTa IIacTHIHOT [edopMartii & , Toxi
SIK y MaTepiaiiB 3 HU3bKUM piBHEM 3MiIHEHHS BU3HAYAIEHUMH 3aJIHIIAIOTECS IPYXKHI
xapakTepucTuky. [lapaMeTpn HaBaHTa)XyBaHHS MalOTh OJHAKOBHH BHECOK y 000X
rpynax.

OTpuMaHi pe3yNbTaTi y3roHKYIOTECS 13 CydaCHUMHU (DI3MIHUMH YSIBICHHAMU
PO TPUPOAY BTOMH Ta MOXYTb OyTH BHMKOpUCTaHI Ui HOOYZOBH Mogjelneit
MIPOTHO3YBAHHS TOBTOBIYHOCTI B YMOBaX 0araTroo0ChOBOI'O HABAaHTAXKYBaHHSI.
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TepMoakTHBaUiliHAa IPUPoAA PYHiHYBAHHS: CHHEPIreTHKA, (PAKTAIU TA
JIOKAIbHE 30y/1sKeHHs

B 00nogioi nasedeno amaniz eKCNepUMEHMANbHUX MA MEOPemMuYHUX pooim,
NPUCBAUEHUX BUBYEHHIO (DI3UYHOT NPUPOOU YUKITUHOL 8moMu, K meepdodasHoi peakyii
aAppeHiyci6cbko2o muny, wo HNPOMIKAE 6 CUHEPLeMUYHIN CUcmeMi HeniHiliHux
ocyunsamopie. Tloxkasano, wo nio Oi€lo0 YUKITUHUX HABAHMAICEHb 6 OaHMill cucmemi
MOICIUBE IOKATIbHI YMBOPEHHS BIOHOCHO Hegeaukux kiacmepie — pozmipamu 10...304°
6 sAKUX 6I00yeacmvcsi (pazoeuil nepexio No A3EPHI  CXeMy, moomo Hacmae
CUHXPOHI3aYisl PYXY OCYUNAMOPI8 — XAOC 3MIHIOEMbCA  MIKPONOPAOKOM, WO CHPUAE
KOJeKMUBHOMY CIMpUOKY ocyunamopie yepes nomenyitinuii oap ’ep. Lle npusooums 0o
3apOOANCEHHS NEPBUHHOI MIKDOMPIWUHU, WO 6 NOOANbUOMY CHPUAE PO3BUMKY Yiel
MpiWuHU came 8 YboMy JIOKANbHOMY 00 'emi. 3 nOOANLULUM PO3BUMKOM MPIWUHU 60HA
BUXOOUMb HA PIBEHb MAKPOMPIWUHU, WO PO3BUBAEMbCS 32I0HO 3AKOHIE MEXAHIKU

PYUHYBAHHSA.
Memooamu 6poyHi6cbKOI OUHAMIKU MOYKU NOKA3AHO, SIK MOJNCHA 8 HEeNIHITHIL cucmemi
ompumamu QucKpemHi pisHi napamvempis. Haseoeni pe3yivmamu

MEPMOAKMUBAYILIHO20 NpOYeCy PYUHY8AHHS MA OMPUMAHI OesKi Y3a2albHIOI0UL
CNiB8IOHOWLCHHSL.

KurouoBi cnoBa: yukniuna émoma, 6poyniecbka Ounamixa mouku, Myivmugpaxman, enepeis
akxmueayii pyuHyeaHHs.

3acHOBHUK Hamoi HaykoBoi mKkomd — mpodecop Onekcanap IBaHOBHY
PAAYEHKO - 6impmry 4YacTHHY CBOTO BEJHMKOTO HAYKOBOTO IIUIAXY BHBYAB,
NIOCHIIPKYyBaB, MOJENIOBaB, (aHTa3yBaB, BHCYBaB TilOTE3W 1 IIyKaB iX
ITBEP/UKEHHS CTOCOBHO JAUCKPETHHX SIBUII B MEXaHilli pyiiHyBaHHs. | Halla 3 HUM
HactaBHHIT — Bipa CemeHiBHa IBaHoBa — Oyna IJsi Hac HE TPOCTO B3ipIEM,
NPUKIAI0M JJTsl HAaCJIi{yBaHHsI, a TEHEpaTopoOM iJell Ta IHHOBaTOPOM B HalKpamomy
po3yminHi. [[o pedi, SIKOCh HEMMOMITHO B LIbOMY POLli BUMOBHMIOCS S0 POKIB 3 1aTH
BUXOAY B CBIT ii MoHorpadii «[Ipupona Bromu mertamnis» [1]. I sikmo «MaremaTnyHi
Havana Hatypdinocodii» HproToHa many modaTok cydacHii KiJbKiCHIH HayIli, TO
«ITpupoa BTOMH METAJIiB» CTalla TI0YaTKOM MDKIUCIUILTIHAPDHOTO BHBYEHHS BTOMU
METaJiB y CBITOBOMY MaciTabi - OJHOYacHO 3 IMO3WIIH MaTepiaJo3HaBCTBA,
¢paxrorpadii, MexaHikH i (i3UKH pyHHYBaHHS, TUCKPETHHUX SBUI i CHHEPTETUKH. Y
BCixX IuX iHHOBawisx Bipa CemeniBHa Oyia cepes moHepiB.

He BumankoBo caMe B Takili MOCIIOBHOCTI Ha3WBal CBOIX BuureniB — y
Onexcannpa IBaHOBMYA s1 HaBuaBcs B acmipaHTypi TyT, mpu kadenpi KITUIA, i
inctutyt Toai HasuBaBcs KIIIIA, i ¢daxynpTeT Ha3MBaBCsS MeXaHIYHUHA. Aje ayx
TIOMIYKY TYT XHB 3aBxKu!

Came Omnexcannp IBaHOBMY oOvapyBaB HAC, CBOiX acIHipaHTIB, OTHMH
JMCKPETHIMH SIBHIIAMH — ITIIKaMW» - Ha JIOBT1 poku. | mepenas MeHe, sk ectadeTHIIA
Iparopens, B 1okTopantypy no Bipu CemeniBau. I xoua foktopaHTypy 5 3aKiHIHB
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i akomraneMeHT po3ary CPCP, koHTaKkTH i TeTUTi CTOCYHKH HiATpHMYBaB 3 Biporo
CemeniBHoro 110 2009 poxy. B 2009 poui Bipu CemeHiBHH He cTano... Ane s
MIPOIOBKYBaB MOIIYK IOSICHEHb MPOSABIB AUCKPETHOCTI, OyayBaB HeNiHIMHI Mozaei
MexaHiku 1 Gi3uku pylHYyBaHHs, CHHEPIeTHKU, CUHTE3y MynbThudpaktanis. [Ipo ue
BCe, SIK IPOJIOBXKEHHS iael auckperHocTi Bipu CemeniBau Ta Onekcannpa [BanoBnua
s 6araTo MHcaB B CBOIX JOCHIIKEHHSX [2-10] i Oyay rOBOPHTH CHOTOJHI, BiIAIOUN
IIOOKyY Iany MoiM Buntemsim.

PyiinyBaHHs — KOJICKTHBHE sIBHIIE.

B [2-10] nmoka3aHo, 110 3apOIKeHHS BTOMHOI TPIIIMHM Ta ii PO3BHTOK A0
MAaKpOTPIIIUHYU JIETKO MOJEIIOETECA B paMKaX CHHEPTeTHYHOI MOZeINi pyHHYBaHHS.
30kpeMa, 0O MOJENb IO3BOJIMIA OTPUMATH 1 EKCIIEPUMEHTAIBHO MiATBEPIUTH
HabmmKeHHS mpod. ['pabapa 1 TeOpeTUUHOT OIIIHKH €Heprii akTHBaIi] pyHHyBaHHS:

Uy = kT,inY @)
To

ne k - mocriiina Boneimana, Ts- Temneparypa IUIaBiIeHHS, To- IEPioJ] TEIUIOBHX
KoJMBaHb aTtoMiB. (1) JO3BONWIO MIATBEPAMTH €IHICTH NPUPOTU MEXAHIYHOTO
pyHHYBaHHA Ta IUIABICHHS, MOSCHUTH YHIKaJbHY CTIMKICTh €Heprii axTuBauii,
noOyayBatu YYII mis Bcix MeTamiyHUNA MaTepialliB OZHOYACHO B 0€3pO3MipHHUX
koopauHarax (puc.1 — puc.2). Habmmkenns (1), orpuMaHe 3 HepIIuX NPUHLHUITIB, HE
Ma€ MiArOHOYHHX TMapaMeTpiB, i JIO3BOJNMIO PO3B’S3aTH PSAA BAXIMBHX 33124
MexaHiku Ta (i3uku pylHyBaHHs. | Halinepme - HaGmwkeHHs (1) go3BonMIO #aTH
HOBUI IMITyJIbC y 3acToCyBaHHI piBHsHHS JKypkoBa Juisi MPOTHO3YBaHHS Pecypcy
BIIOMHX 1 HOBHMX KOHCTPYKLIHHHMX MaTepiajiB: MeTaJiYHHUX, KOMITO3MI[IHHUX,
MOJTIMEPHHUX.

Ha puc.l - puc.2. HaBemeHO y3aralbHEHY YHIBEpCalIbHY Jiarpamy
mpo¢.I'pabapa, moOymoBaHy B 0e3po3MipHHX KOOpAMHATAX, MIO JO3BOJSE il
BUKOPUCTAHHA Mg Oynb-SKHMX KOHCTPYKIIMHMUX MaTepianiB, SKIOIO BigoMa
TeMIlepaTypa IIaBIE€HHS JAaHOTO MaTepiaily, TeMIeparypa eKCILTyaTarlil, TpaHHIlT
MIIHOCTI TpH Wil TeMnepaTrypi Ta eKclulyaTauiiiHi Hanpyru. I[Ipu npomy, Maro4n
JIUIIe OJHY KpHBY KOPOTKOYaCHMX BHIPOOYBaHb JAHOTO Martepialy IpH
eKCILTyaTaliiiHiil TeMmmepaTypi, MPOTAroM KiJbKOX XBWJIMH JIETKO BH3HAYA€THCS
pecypc Ha IeCITKH POKiB 3 TOCTOBIPHICTIO MO Hanpy3i 10 95%.

Ha ©pnc.3 moka3aHo cxeMaTHYHO CHeHapiii (a3oBOro mHepexoxy
«0e3moPSIIOK» => «HOPSIOK» MO JIa3epHiil cXeMi B JIOKalbHi 30y/KeHii 30HI MpH
IUKIIIYHOMY HaBaHTaXeHHI. CaMe Takuil HAHOMOPSIOK € IOYaTKOM IHUKIIYHOTO
pyHHYBaHHS KOHCTPYKIIii.

Ha puc.4 — puc.5 HaBeneHO 3alie)KHOCTI €HEprii akTHBaIllii, OTpUMaHi 3
00pOOKHM BENUKOi KiJbKOCTI EKCHePHMEHTAJIbHUX JAaHuX [2-3] mis [mImMpoKoro
Jiana3oHy 4acTOT HaBaHTa)KCHHsI, 3BIIKU CIIY€, 1110 HACTIHKa BEIMYNHA — SHEpris
aKTHBalii TpHBaNoro pyiHyBaHHs (1) MUTTEBO 3MEHILYETHCS, KOJIHM B HABAHTAXKEHHI
3BIIETHCS LUKIIIYHA ckianoBa! Ha puc.6 HaBeleHO NMOSCHEHHs JaHOro (h)eHOMEHY,
IO J]a€ KIF0Y JIr0 PO3YMIiHHS YHIKQIBHOCTI IIMKIIYHOT BTOMU. A caMe — 3apOKEeHHS
Ha JyXXe KOPOTKHMH TepMiH BIIOpsaKoBaHUX cTaHiB (puc.3,0). lLle mo3Bomse
KOJICKTUBHUH CTPUOOK ITi€T CHHXPOHI30BaHOI IPYIIN aTOMIB 3/1ilICHUTH CTPHOOK Yepes3
MIOTEHIIHHAI Gap’€ep Ta 3apoJUTH HAHOTPIIIUHY.
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Pucynok 1. €nuna y3aransHeHa yHiBepcanbHa aiarpama npod. I'padapa (YY I -
I) Ju1st IPUCKOPEHOTO MPOTHO3YBaHHS PECyPCy ISl BCIX KOHCTPYKLIHHUX
METaJIiYHUX MaTepiajiB, Uil IHPOKOTo Jiana3oHy TeMIepaTyp, CTaHy MOBEPXHi,
CTPYKTYpPH TOLIO, HOOYJOBaHA B KOOPAUHATAX «Q-Z», 1€ Z = Texenn/ Ts —
BIZTHOIIEHHS eKCIUTyaTtamiiHoi temneparypu (K) no temneparypu miaBieHHS
Marepiany neraii (K); tor - 9ac 1o pyitHyBaHHS (pecypc),rOANH; & — MITACTUIHA
nedopmariis 3pa3ka Ipu KOPOTKOYACHUX BHIIPOOYBAHHAX MaTepiairy mpu
TeMIIepaTypi eKcIuTyaTarii (Jurst Beix miarpam mpuifasaro § =0,1, mwme st toT
=1000 roguH — giarpama moOymoBaHa Ui TpHOX 3HadeHb: 6=0,05 ;0,1 ;0.2).
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Kpusi rpuBaioi minsocti npu T/Ts =0,2; 0,3; 0,4; 0.5; 0,6; 0,65

I e = S i y =-0,02x + 0,94

y=-0,033x+ 0,893

[
=] 2
od i 0,9973
(o) . y =-0,05x+ 0,84
R'=1
0,4
y=-0,08x+ 0,78
R?=1
0,2 ‘
y=-0,17x+0,59 y=-0,13x+0,68
R* =1 R2=1
0 e
2 1 0 1 2 3 ~4_ 5 6
0,2 IS
0,4

Igt , TOAMH

PuckHok 2. €uHa y3arajibpHeHa yHiBepcaibHa fgiarpama npod.['pabapa ams
HPUCKOPEHOT0 TPOTHO3YBAHHS PECYpCy KOHCTPYKIIIH B KOOpAMHATAX «(p-1gT»
(YYOII-II ) . [ToOymoBa cHibHOT MaTeMaTHYHOT 3aJISKHOCTI 32 pe3yabTaTaMu
mectH QyHKIiR «@-lgm» (puc.2) g Z=0,2; 0,3; 0,4; 0,5; 0,6; 0,65 mo3BoIHIa
nmoOynyBatu 3anexHicTs Y'Y AT -1 3 sknuM-3aBrofHO KPOKOM 3MiHH BiTHOCHOT
temneparypu. Ha puc.2,a 14 3anexsicts modynoBana 3 kpokom dZ=0,2

o) e

Pucynok 3. Cuenapiii ha30Boro mnepexosy «0e3nopsiok» => «opsgoK» Ho
na3epHiit cxeMi B JIOKaJbHIH 30yIKeHIl 30HI PU HUKIIYHOMY HaBaHTaKEHHI
(BMHEKHEHHSI OPSIAKY 13 Xa0Cy B HAHO30Hi) YHiKaJbHa CTiHKiCTh eHepril akTuBamii
CTPUOKOMOAIOHO 3MEHILYEThCS IIPH HEPEXO0/Ii 1O HUKIIYHOTO HABaHTAKCHHS
(puc.4 —puc.5) :
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Pucynoxk 5. Exepris aktuBanii Sk GyHKIisL

YaCTOTH HABAHTAXXEHHs JUIsS  CILIABiB
3amiza mpu T =293 K
Ly
U N
O
N Mg
i & 2o Y
o

PucyHok 6. Eneprii akTuBauii npy HUKIIYHOMY 1 TPUBAJIOMY HaBaHTa)XEHHX (a)
Ta rimnoresa JOKaJbHHUX 30ykeHb (0)
Toni 3HAaKOYM Yac OJHOrO MEPioAy TEIUIOBHX KOJNMBAaHb aTOMIB Ta IIBHAKICTH
NPY)XHAX XBWIb B JaHOMY KOHCTPYKLifHOMY Marepialli, HaMu 3Ha#fIeHO po3Mip
JIOKaJIbHOT 30HH, B SIKiii MOXKJIHBE 3apOJKEHHS KOT€PEHTHOT0 CTaHy puc.3,0:
d=Q2m..may (2)

Takuit nokaneHuii 06’em ckinagae 50...100 atomiB, a posmip d TicHO

KOpeNroe 3i 3HAa4YCeHHsSM HWXKHBOI TO4YkM meperoMmy Kpusoi Ilepica,

mo B

eKCIIepUMEHTANIbHI MeXaHIll PyHHYBaHHS TPAKTYETHCS K MiHIMAJIbHO MOXKIIUBE

MiIpOCTaHHs BTOMHOI TPILl[HHH.
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B nomosini mokazaHo, o pyHHYBaHHS, 30KpeMa BTOMHE, € YacTKOBHM
MPUKJIaJOM KiHETHYHUX (a30BUX mepexoniB. [Ipuuomy, BpaxoByrOUH KOHKYpPEHIIiIO
MDX piBHEM HampyT Ta KUIBKICTIO IIUKIIIB

st — _py o ym - (3)
dn ] ) )

Hnst m= -1 — BUMagok MOCKOHANOI KOHKypeHuii - [5] mae HamiBnorapudmiuHe
PiBHSHHS KPUBOI BTOMH:

_ In(N)

GLlPlK}'Ii - 08[1 _(1 - (P) ln(N*)] (4)
O @ = % =0,5 mpu N*=10° orpumano y3arajibHeHe PiBHAHHA KPUBOI
B

BTOMH B Jliana3oHi nukiis Big N=10° 10 10! y HopMOBaHMX KOOpIMHATAX:

In(N)
In(N=)

In(10%)]
In(108)] —

Cumai = 0p |1 =05+ 2] =651 — 0,5+ og[1—k/12] (5)

B Ta6nuui | HaBe#eHi 3HAYEHHS G 1014 Aianaszony N=10° no 10%? nuxis.

Tabnuys 1.
3HaYCHH MapaMeTpPiB y3aralbHEHOI KPHBOT BTOMHU
B HOPMOBAHUX KOOpAUHATaX
K 0 1 2 3 4 5 6
Guni | OB 11op 503 3o 20p 70g Op
12 6 4 3 12 2

N 1 10 100 10° 10* 10° 10°
Tun ManonukinoBa BToMa Mera
K 7 2 9 10 11 12
Guykcn 50 S8 %8 % E

12 3 4 6 12
N 107 10° 10° 1010 10" | 1012
Tun Tira Tepa

Merton 6poyHiBcskoi nuHamiku Toukn (BAT) i ppakranu

3Bigku quckpeTHicTh? Lle He kpucTamiyHa Oy/0Ba METANIB 3 «CHIBHUMY YH
«cabuM» 3epHOM B JIOKAIBHIM 30HI 3apo/ukeHHs TpiwmHH. He BuTpuMmye 1st
rinoTe3a eKCIepUMEHTAaNbHOI MepeBipkh. A OT TiNoTe3a JIOKAIbHUX 30y/DKeHb Ta
OpOyHIBCHKOT ANHAMIKH TOUKH 3HAXOJMTH CBOE eKCIIEPHMEHTAIbHE IMiATBEPKEHHS:

NI e e

Pucynok 7. JIUCKpETHUIA CIIEKTP CTaHIB CHCTEMH B IOJI BOX CHJI IPUTSDKIHHS,
OTpPUMaHHUH B pe3yNIbTaTi CHHTE3y MyJIbTU(PAKTATY B IOJ 2-X CHJI IPHTSDKIHHS
meronom BJIT.
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BucnoBkn

1. Tokazano, mo rinmote3a IBaHOBOI-PamueHKo Mpo AMCKpETHI fABUILA B
MeXaHilli pyiiHyBaHHs, 30KpeMa — IIpH 0araToIMKIOBii BTOMi — MOJKHA 3MOJIETIOBATH
3 TO3ULil CHHEPreTUKH, IPOLECiB caMOOpraHizamii B HENiHIMHUX CHCTEMax,
TePMOAKTUBALIWHUX MiAXOMiB, OPOYHIBCHKOI NHHAMIKH TOYKH Ta TEOpii CHHTE3Y
MYJIBTH(PAKTATIB.

2. [loka3aHo, 10 3 ITUX ITO3MILiH JIETKO MOKAa3aTH €JUHY IPUPONY pyHHYBaHHS
Ta Teopil IUIABJICHHS, a TAKOXK 3MOJIETIOBATH MCKPETHI CTAHU B KIHETHIIl Ipolecy
pyHHYBaHHS IIPH HENEPEPBHIH IDIaBHIN 3MiHI KEPYIOUHX IapaMeTpiB.

3. OTpuMaHO KiUJTIBKICHI CITIBBIAHOIICHHS ISl CHEPTil aKTHBaIil pyHHYBaHHS
Ta y3arajJbHEHOI KPHBOI pPyWHYBaHHS B ITOCIIIOBHOCTI «KOPOTKOYAacCHE PYHHYBaHHS
— MaJIOIIMKJIOBA BTOMAa — 0araTonuKiIoBa (Mera) BToMa — rira BToMa — Tepa BTOMay
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V]IK 629.735.33

O. I I'pebeniros, npoghecop, 0. m. H.,
npoghecop kaghedpu KOHCMPYKYIL 1imaxie ma 6epmonbomis,
(Hayionanvnuii aepoxocmiunuil ynisepcumem «XAly, m. Xapxie, Ykpaina)

KoHCTPYKTHBHO-TEXHOJIOTiYHI MeTOAN MiIBUILIEHHSA BTOMHOI J0BIrOBiYHOCTI
00J1TOBMX 3'€IHAHb TUTAHOBHX €JIEMEHTIB JIiTAKOBUX KOHCTPYKIi 3
ypaxyBaHHAM (ppeTHHI-KOPO3ii

Haseoeni excnepumenmanvHi 8unpoOy8anHa mooenetl KOHCMPYKMUBHUX MUMAHOBUX
elleMenmie, SKi NOKA3aAU, WO IHMEHCUSHicmb Gpemune-kopo3ii 3anexqcums 6o
mamepiany wail6, GeIUNUHU KOHMAKMHUX MUCKI6 [ 3HUIICYE 6MOMHY MIYHICHb
MUMano8oi cmyau 8 2-3 pasu 8 NOPIBHAHHI 3 BMOMHOI MIYHICIIO MUMAHOB020 CHIABY
BT6 6e3 ¢ppemune-xoposii. 3nudicennss 6momMHOI 008206IUHOCMIE 2NAOKUX MUMAHOBUX
KOHCMPYKMUBHUX eJleMeHmis, 00yMosiene gpemune-koposicio, 8iooyseaemucsi: y 40-80
pasie npu maxcumanvHit Hanpyai ny1bogozo yukay 400 Mlla; ¢ 400-750 pasie - npu
300 Mlla, 6 1500-3000 paszie npu 250 Mlla 6 nopieHanHi 3 006208iUHICMIO 2NAOKUX
3paskie. 3a pesynomamamu 6unpodysarnt po3poOIEHO AHANIMUYHI 3A1€)CHOCTI, WO
003601510Mb ~ NPOZHO3Y6AMU ~ 6MOMHY — 006208iYHICIb ~ NIOCKUX — €leMeHmie 3
mumanogozo cnaasy BT6 3 ypaxyeanusm gppemunz-koposii.

Haiibinew eghexmueHum memooom nio8UUjeHHs. 6MOMHOI 008208IUHOCHI 0BO3PIZHUX
MUMAHOBUX 3'€OHAHb € 3ACMOCYBAHHA NIACMUYHO20 Oe(OPMYSaHHs KOHMAKMHOL
nosepxui (muck P,,,=(0,95...0,99) o Sx), padiansnozo namszy (1,5...1,9 %) ds ma
HOPMOBAHOT 0CbOBOT 3amMANCKU, WO NIOGUUYE 0068206iuHiCMb Y 2-3 pa3u NOPIGHAHO 3
006206I4HICIIIO 3'€0HAHb 3 PAOTATLHUM HAMASOM A HOPMOBAHOIO 3AMANCKOIO.

EneMeHTH KOHCTPYKLIl JIiTaKa i3 THTAHOBHX CIIaBiB

nraci, OKaHTYBaHHS JIBEpEH JIIOKiB,
TIPOTHUIIOXKEXKHI EKpaHH,
KPOHIITEIHY, peiikn MexaHi3auii,
KpIIUTEHHS], IIMAaHTOYTH, BY3JIH
KPITUICHHS, CUJIOBA TTiTOTa, paMIia
TPaHCIIOPTHHX JIITaKiB

11aci, OKAaHTYBaHHs IBepei JIIOKIB,
MPOTHIIOXKEKHI SKpaHH,
KPOHINTCHHH, PeKH MeXaHi3allil,
KpiIUICHHS, IIITaHTOYTH, BY3JIH
KPITUICHHS TTACAKUPCHKUX JIITAKiB

MaHeN eHTPOoIUIaHa, Oallku,

nosicu, manessi OUK, crinkw,

MIEPErOPOKH, HaT3BYKOBUX
MaHEBPEHUX JITaKiB
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KOHCTPYKTHBHO-TEXHOJIOTi4HI (haKkTOpH:
- FCOMETPHUYHI TapaMeTpH 3'€qHaHHsI (JiaMeTp OOJNTIB, TOBIIUHA JCTAI,
BEJIMYMHA IEPEMHYKHU MiXk OOITaMH);
- pamianbHUN HATSIT,
- 3aTATYBaHHS OOJTIB;
- IOKPUTTS JeTajel 3'eTHaHHS:
- KOHTaKTHUH THCK
- AKICTh TMIOBEPXHI JeTaNeH, 10 CIIOTYYalOThCA
3pa3ok Ui TOCIiKEHHS XapaKTePHCTHK OIIOPY BTOMHU CMyTH 3i ciuiaBy BT6

3pa3oK Ta IPUCTOCYBAHHS IS JOCIiXKEHH BILTHBY BEJIMYMHY KOHTAKTHUX THCKIB
Ta aMIUTITYAU MIiKpOIepeMillieHb Ha BTOMHY JJOBIOBIYHICTb INIOCKUX 3Pa3KiB CMyTH

3i citaBy BT6 B ymMoBax peTHHIr-Koposii

XapakTep BTOMHOTO pyHHYBaHHS
3pa3kiB 3i crutaBy BT6 mpu aif
KOHTaKTHHUX THCKIB Pi3HOI BETHYNHU

XapakTep BTOMHOTO pyHHYBaHHS
3pa3skiB 3i cutaBy BT6 mpu pisHomy
Marepiaii maio
1-J116AT, 2-30XI"CA, 3-RT3

29




Bnaue aMmiiiTyu BiTHOCHHX mepeMillleHb HA BTOMHY JIOBIOBiYHICTh IJ1agKol
CMYTH B YMOBax (ppeTHHT-KoOpo3ii

Pesynbsrati BTOMHHX BUIIPOOYBaHb
IVIaJIKOi CMYTH IIPH Pi3HUX BiACTaHAX
Biz 3axmanenss L

Xapakrep pylHYBaHHS IIAJKOi CMYTH 3a
PI3HUX BETHMYHMH aMIDTITYH BiTHOCHHX
nepeMillieHb

BB amMIntiTyu BiTHOCHHUX
nepeMillleHb Ha BEIMYMHY MPaHAIHUX BrumB amMmtiTynm BitHOCHHX
MaKCHUMaJIbHUX HANPYT TIIaJIKO1 CMyTH TEpEMillieHb Ha BTOMHY

JIOBIOBIYHICTb INIAJIKOT CMYTH

Po3paxyHkoBo-eKcIepMMEHTANIBHI 3271€:KHOCTI 1/ BU3HAYEHHS] BTOMHOI
JAOBTOBIYHOCTI INIAAKHX KOHCTPYKTHBHHX eJieMeHTiB 3i ciiiapy BT6 B ymoBax
(pernHr-xoposii

JocixkeHHsI XapaKTepy po3NoJiTy THCKIB Ta MikponepeMmilieHb y 30Hi
KOHTAKTY IAaii0 3 pi3HOro marepiaay Tta cmyru 3i cniiapy BT6
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PesynbraTiH BTOMHUX BUIPOOYBaHb IJIaKOi CMYTH
3 craBy BT6: 1 — kpuBa BTomu crutaBy BT6; 2, 3, 4,
5 — KpuBI BTOMH Ta eKCIIEpHMEHTaJbHI JaHi
BUNpoOyBaHb ciuiaBy BT6 B ymoBax (perTuHr-
KOpO3ii.

Bnuue tuny marepianis y
KOHTaKTHill mapi Ta
BeJIMYHHH KOHTAKTHOIO

_ THCKY Ha BTOMHY 1OBrOBiYHiCTH TUTAHOBOI

CMYI'H

BrumiB BenmUMHT KOHTAaKTHUX THCKIB Ha TPAHNYHI MAaKCHMAIIbHI HAPYTH TJIAJKOL
cMyru ipu N=const
KoedinienTn 3HUkeHHS BTOMHOI JOBrOBiYHOCTI IJ1agKO0I CMYTH,
BHKJIHKAHOT0 (ppeTHHI-KOPO3ici0

omaxo,MITa 500 450 400 350 300 250

KN, BT3-1 13,74 31,2 78,3 294 738,7 3063

KN, 30xrca 9,27 21 52,7 149,2 495,8 2052

KN, mi6ar 7,64 17,2 43 121 499,2 1638
BucHoBkn
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1. IlpoBeneHi eKcCIepMMEHTAIBHI BUNPOOYBaHHS Mojeineil KOHCTPYKTHBHHX
TUTAHOBHX €JIEMEHTIB MOKa3aJH, 0 IHTCHCHBHICTh ()PETHHI-KOPO3ii 3aJIeKHUTh BiX
MaTepialy a0, BEJIMYMHH KOHTAKTHHX THCKIB 1 3HIKYE BTOMHY MIIHICTb
TUTAHOBOI CMYTH B 2-3 pa3u B MOPIBHAHHI 3 BTOMHOIO MILIHICTIO THTAaHOBOTO CIUIABY
BT6 6e3 ¢peruHr-kopo3sii. 3HWKEHHS] BTOMHOI JOBTOBIYHOCTI IMIaAKUX THTAHOBHX
KOHCTPYKTHBHHX €I€MEHTiB, 00yMOBIIeHE (ppeTHHT-KOpOo3i€to, BinOyBaeTses: y 40-80
pasiB Ipyu MaKCHMaJbHIH Hanpyri HyapoBoro nukiry 400 MIla; 8 400-750 pasis - npu
300 MITa, B 1500-3000 pa3iB mpu 250 MIla B mopiBHSIHHI 3 JJOBIOBIYHICTIO TJIAIKUX
3pa3kiB. 3a pe3yiabTaTaMy BHIPOOYBaHb PO3pOOJICHO AaHANITHYHI 3aJIEXHOCTI, IO
JI03BOJISIOTH IPOTHO3YBATH BTOMHY JIOBIOBIYHICTb IIJIOCKHX €JIEMEHTIB 3 TATAHOBOT'O
crutaBy BT6 3 ypaxyBaHHAM (ppeTHHT-KOPO3ii.

2. Pospobmena monenp OAHO3PIZHOTO OONTOBOTO 3'€MHAHHS THUTAHOBHUX
KOHCTPYKTHBHHX  CJIEMCHTIB  JIO3BOJIIE  BM3HAYUTH  PO3MOALT  IIOTOHHOTO
HOPMaJILHOTO KOHTAKTHOTO HABAaHTAKCHHS [0 JOBXHHI OOJITa 1 BEIHYHHY
KOHTaKTHHX THCKIB IIii TaliKOIO 1 TOJIOBKOIO 0oJTa i 3acTOCYBaTH OTpPHMaHi
PO3paxyHKOBO-CKCIIEPIMEHTANIbHI ~ 3aJIOKHOCTI A TPOTHO3YBAaHHS  BTOMHOI
JOBrOBIYHOCTI KOHCTPYKTHBHHX €IIEMEHTIB Yy peryJspHiil 30HI, Je pyiHamis
BinOyBa€eThCS MiJl BIULIMBOM (PPETUHT-KOPO3ii.

3. 3acTocyBaHHA HOPMOBAHOI OCHOBOI 3aTSDKKH CTaJeBUX OOJTIB MiIBHIILYE
BTOMHY JIOBIOBIUHICTb 3'€JHAHb TUTAHOBUX EJIEMEHTIB JITAKOBUX KOHCTPYKLIH y 20
pa3iB mpu MaKkCHUMaIbHIH HanpyTi Hyap0Boro UKy 200 MIla Ta B 35 paszis mpu 140
MIla nopiBHSHO 31 BTOMHOIO TOBIOBIYHICTIO 3'€ZIHaHb 0€3 3aTsSKKH OOJITIB.

4. 3acrocyBaHHs paxianbHOro Hatsary 6onris i3 crami 30XT'CA (0,5...1,5%) ds
3HWKYE BEIMYUHY KOe(il[ieHTiB HEpIBHOMIPHOCTI IOTOHHOTO HOPMAJIBHOTO
KOHTaKTHOTO HaBaHTa)XEHHS IO JOBXHHI Oonra B 2-3 pasu i HiJBHINYE BTOMHY
JOBTOBIYHICTh OJHO3PI3HOTO OONTOBOTO 3'€HAHHA B 1,52 pasu B MOpIBHSAHHI 3
JIOBTOBIYHICTIO 3'€THaHB TLTBKH 13 3aTHKKOIO OONTIB.

5. Haii0inpm eQeKTHBHHUM METOAOM IIiABHIIEHHS BTOMHOI JOBTOBIYHOCTI
NIBO3PI3HUX THUTAHOBUX 3'€IHAHb € 3aCTOCYBaHHS IUIACTUYHOTO Je(OpMyBaHHSI
KOHTAaKTHOI oBepxHi (Tuck Pynp=(0,95...0,99) oBSk), paxiansroro Hatsry (1,5...1,9 %)
ds Ta HOPMOBAaHOI OCHOBOI 3aTSDKKH, LIO MIJBHILYE MOBrOBIYHICTH Yy 2-3 pasu
HOPIBHSHO 3 JOBrOBIYHICTIO 3'€HaHb 3 paialbHUM HATATOM Ta HOPMOBAHOIO
3aTSDKKOIO.

6. IIpakTH4HEe 3aCTOCYBaHHS 3allPOINIOHOBAHUX KOHCTPYKTHBHO-TEXHOJIOTIYHHX
METOMIB MiJIBUIICHHS BTOMHO{ JOBrOBIYHOCTI Ta METOJYy BH3HAYEHHS BTOMHOI
JIOBTOBIYHOCTI 3pi3HUX OONTOBUX 3'€[HAHb JO3BOJSAE MPOCKTYBATH 3'€AHAHHS
periaMeHTOBaHOI BTOMHOI JIOBFOBIYHOCTI 3 ypaxXyBaHHSAM (PETTHHT-KOPO3ii.

Crucoxk Jirepatypu

1. I'pebennxoB A. I'., Kimmmenko B. H. DkcrepuMeHTanbsHOE HCCIeTOBaHHE
0CcOOEHHOCTEH YCTAaHOBKH OOJITOB C PaMaIbHBIM HATATOM B OTBEPCTHS B JICTAIISIX M3
TUTaHOBOro crulaBa /  OTKpbIThle HMHQOPMALMOHHBIE ¥ KOMIIBIOTEPHbBIC
HMHTETpUPOBaHHBIE TeXHONIOTHH. — XapbkoB: HAKY «XAW», 2005. — Bom. 26.
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A.B. Iasniok, k.m.H., cmapuwiutl HayKosutl CniepoOimHux
(Inemumym mexaunixu im. C.1I. Tumowenxa HAH Yrpain, Yxpaina)

IIporno3yBanHns pesakcanii Hanpy:;KeHb y TOHKOCTIHHUX TPy04acTUX
eJIeMeHTAX i3 J1iHiHO-B’A3KONPY:KHUX MaTepialiB 32 yMOB CKJIaJHOI0
HANPYKEHOr0 CTAHY

Posenadaembcs  penaxcayis i30mponHux OOHOPIOHUX | Hecmapilouux JAiHIUHO-
6 SABKONPYIHCHUX MAmepianié 3a yMo8 CKIAOHO20 Hanpyscenozo cmawy. Poseé’asok
6Y0yembCst WIISAXOM Y3a2AbHEHHsl BUXIOHOT OOHOBUMIPHOT MOOE 8 S3KONPYICHOCMI
Ha CKIAOHULl HANPYJICEHUll CMmaH, Wo NoOYOO8aAHUU HA BUKOPUCMAHHI 2inome3u
nponopyitinocmi desiamopis. Po36 ’a3aH0 ma eKcnepumMeHmanbHo anpobosano 3a0adi
PDO3PAXyHKY penaxcayii HanpyceHb MOHKOCMIHHUX MpPYO 34 YMOE KOMOIHOBAHO20
HABAHMAIICEHHS. PO3MALOM 13 CKPYUEHHAM.

Ki1rouoBi ciioBa: penaxcayis, niHitina-6 S3K0NPy*CHICMb, 0PO CRAOKOBOCHII.

1. Beryn

IIpu omiHmi Hecy4oi 3IATHOCTI €IEMEHTIB KOHCTPYKLiM i3 MOJIMEpHHX
MaTepiajiB Py TPUBAJIH il HABaHTAXKEHHS Ta TEMIIEPATYPU BaXKIUBUM € PO3B’ 30K
3aJad i3 TPOTHO3YBaHHS peNakcallii HampyXeHb, IO BHKIHKAE MEPEpO3MOILT
HaNpy)KeHb B eJIeMEHTaX KOHCTPYKIH B d4aci 1 MOpymeHHs (QYHKIIOHATBHUX
MOJKJIMBOCTEH KOHCTPYKINT B mijoMy. JIOCTiIKeHHsT MPOIIECiB peakcaiii JiHiiHO-
B’SI3KONPY)KHUX MaTtepiayliB, OCOOJIMBO TNpH CKIaJHOMY HANpy>KEHOMY CTaHi i
3MIHHUX PeKHUMax HaBaHTaXXCHHs, BCE 1€ 3HAXOAATHCS Ha cTail po3BUTKY. OCHOBHI
TPYAHOLI 1 Hepo3B’si3aHi 3amadi B I ramy3i MOB’s3aHI 3 BHOOpPOM (GOpMH
y3araJbHeHHs! OTHOBUMIPHHX BU3HAYAIOTh PIBHSHb TEOPil Ha CKJIAHUIT HANPYKECHUH
CTaH, 3 PO3pOOKOI0 METOIB imeHTH(DIKALIT SAep CaJIKOBOCTI 1 METOIB BU3HAYCHHS
mapameTpiB sAep, 3 BHOOPOM i OOTPYHTYBaHHSAM CHCTEMH 0a30BUX €KCIICPUMEHTIB,
HEOOXiIHHUX ISl BU3HAYCHHS (QYHKIIi i KOHCTaHT Teopil.

2. ITocranoBKka 3axayi

PosrisigaeThes penakcailist i30TPOITHUX OAHOPIAHUX 1 HECTAPitOUnX JTiHIHHO-
B’A3KONPYKHUX MaTepialliB 32 yMOB CKIIaJIHOTO HAIpPYKEHOro CTaHy. BusHauanbHi
PIBHSHHS IOB3Y4OCTi, IO 33Jal0Th 3aJEXHICTh MIDK KOMIOHEHTAMH TEH30pa

HANPYKEHb Cjj , Aepopmarii &y i yacoM t, 3amuCyIOThCS Y BUIIIS L

&) =¢, (t)+%é)‘ijgv(t) =% 5, (t)+/15j'Ks(t—r)Sij('[)dr + M
+ L slemra j.K (t-0op()dz |; (i j=13)
3B ij| Yo vo v 0 ’ y )

PO3B’SI3KOM SIKOTO € PIBHSHHS peJlaKcalii HalpyKeHb
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o (t) = 2Ge; (1) - 2G4, [ R, (t—7)e, (r)d7 +
0 )

+0;| 3Bs, (1) —SBﬂv.[[ R, (t-7)e, (r)dr ;(i, i =ﬁ)

ze &j(t) , o (t) — xomnonenTu Tenszopa Aedopmaniii i Hanpyxkens; &;(t) , s;(t) —
KOMIIOHEHTH JeBiatopa xedopmarii i geBiaTopa HampyxkeHs; &, (t) — 06’emHa
nepopmanist; Kg(t—7) , K, (t—7) — sapa 3cyBHOI M 00’€MHOI IIOB3y4OCTi;
Rs(t—7), R, (t—7) —supa 3cyBHOI i 06’emHOI penakcanii; G — moxyins 3cyBy; B
— ob’emuuii Momynb; A , A, — PEONOTivHi mapameTpu; Jjj — AenbTa-QyHKUis
onuHnyHa QyHKIiSA KpoHekepa.

B skocti smep moB3ydocTi K(t—r) Ta perakcarii R(t—r) B (1)
BHOUPAIOTHCS APOOOBO-eKCIIOHEHIIHHI (yHKIT [1]

K(t-r)=— L3 EACT
(t-7)° = ra+n)1+a)] ®)

B S | R W (i
R(t T)_(t_r)—a; r[1+n)1+a)] ,

ne o v f—napamerpu szep (-1<a<0; f>0) I'[] — ramma-¢ynkuis Eitnepa.
Mi sipaMul MOB3y4OCTi 1 penakcarlii iCHye iHTerpaJbHUH 3B’ I30K:
t
R(t)—K(t) =4 J' K(t-)R(x)dr, @)
0

Kotpa 103Boyisie 3HAXOMWTH 3HAYCHHS TApaMETPIB OJHOTO sapa o
3HAUSHHSIM IapaMeTpiB JPYyroro siapa.

B skocti 0a30BUX EKCIIEPUMEHTIB JJisi BH3HAYEHHS MapaMeTpiB sep
perakcalii HalmpyXeHb BHKOPHUCTOBYIOTbCS PE3YJIbTAaTH BHUIPOOYBaHb 3pasKiB Ha
MOB3Y4YiCTh MaTepially IIpH OJHOBICHOMY PO3TATY 1 YUCTOMY CKPYYEHHI.

InenTudikanis aaep penakcanii Rg(t) i R,(t) B (1) 3milicHIO€TbCS Ha OCHOBI

rpymu 0a30BUX JOCTINIB Ha IMOB3YYiCTh IPH TOCTIHHUX HampyXeHHsx. ['pymna
0a30BUX JOCIIIB BKIIOYAa€ BUNPOOYBAHHS CYLITPHUX Wi HAPHYHAX 3pa3KiB Ha MOB-
3y4iCTh 3a YMOB OJHOBICHOTO PO3TATY 3 3aMipOM MOB3IOBXKHIX 1 IONEPEYHHX
nedopmartii.
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t
a1(t) = %(t) + %j Ky1(t—17)opi(r)dz;
0

t ®)
91(t) 7
710 = B+ By,
G G
0
KOTpi IpU o1 = CONSt Ta 7,7 =CONSt 3BOAATHCA JI0 PiBHAHB
t
0= 22| 1 2y [ Kyg =) |
0 (6)

t

T

7210 =2 140 [ Kt |
0

TYT o071(t) — TOB3IOBXKHE HANpPYKEHHS; 75q(t) — JOTHYHE HANpPYKEHHS KPydEHHS;
&1(t) 1 yp1(t) — moB3momxHs i KyroBa medopmariis, IO BKIIOYAE TMPYKHY
nedopmatito i gedopmarniro nossydocti; Kyq(t) — 41po MOB3J0BAKHBOI ITOB3Y4OCT;
K,1(t) — stapo 3cyBHOI moB3ydocti; E — moxyns mnpyxrocti; G — Monyns 3cyBy;
M1 1 Ay —peonioriyni napameTpu.

3ajgavya mosysrac y BH3HA4YGHHI MapaMeTpiB siep CHaJKOBOCTI JIiHIHHO-
B’SI3KONPYKHUX MaTepialliB MPH CKIIAJHOMY HAIIPyXKEHOMY CTaHI i BUpIlIeHH] 3a/1a4q

PO3paxyHKy penakcarii HamnpyKeHb B TOHKOCTIHHHMX TpyOuUacTHX eleMEHTaxX IpH
KOMOIHOBaHOMY HaBaHTaXXECHHI PO3TATOM 1 KPYUEHHSIM.

3. InenTudikamnis simep iHTEHCHBHOCTI Ta 06’ €MHOT MOB3Y40CTi

3anexHICTh MDK sIpaMH IHTEHCHBHOCTI moB3ydocti K;(t) 1 supamu
TIOB3IOBXHBOT 1 3cyBHOI moB3ydocTi Kiq(t) i Kyq(t) BCTaHOBIIOETHCS BUXOISUH 3

CYMICHOTO p03B’s3Ky piBHsHB (1) 1 (6).

[3 gpyroro piBHsiHHS B (1) 3 BpaxyBaHHAM (6) BUXOASYM 3 YMOBHU 3B’SI3KY
KOMIIOHEHTIB TEH30piB HalpyXeHb i Aedopmaltiii 32 yMOB OTHOBICHOTO PO3TATY MPH
op1(t) =const i oj(t) =const OTpUMYyeMO CIiBBiHOIICHHS

4K (t) = 1Ko (1), )
1 BIAMOBITHO MOYKHA BBAYKaTH
A =21 1 Kj(t) = Kyy(t) - C))
B (7) npuiinsTo, 1m0 Yort) = 2671 (t); G = ——— ©)
21+v)
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I3 cmiBBigHoMIeHs (7) 1 (8) BHIUIHBaE, IO MapaMeTpH sep IHTEHCHBHOCTI
MOB3Y4OCTi CIIBHAJAIOTh 13 MapaMeTpaMd sAep 3CYyBHOI IOB3Yy4YOCTi, IO
BU3HAYAIOTHCS B EKCIIEPUMEHTI Ha YHCTE KPYYCHHS.

SanexHicTh MK Aapamum  o0’emHoi moBsywocti K, (t) 1 sAapamn
M0310BXKHBOT 1 3cyBHOI moB3ydocTi Kyq(t) i Kyq(t) BCTaHOBIIOETbCA BUXOAAYHU 3

CyMICHOTO po3B’s3Ky piBHAHB (1)1 (6)

3A1Kq1 (1) — 2+ V) Ap1 Ky (1) (10)
1-2v '

AKy ®=

PiBustHHS (10) BCTAaHOBIIOE 3aJIEKHICTD MIXK SIAPOM 00’€MHOT IOB3YUOCTI i
SIIpaMU TIO3JJOBXHBOI 1 3CyBHOT ITOB3Yy4OCTi IPH OAHOBICHOMY PO3TSTY Ta YHCTOMY
KpydeHHi. Jlo3Boisie po3paxyBaTH AWUCKPETHI 3HAUCHHS sjep 00’€MHOI MOB3yYOCTi
K, (t) 3a yMOB CKIIaHOTO Hampy»keHoro crany B ¢yHkuii uacy t. [Tapamerpu sinep

BU3HAYAIOTHCSA 3 PE3yJIbTaTaMH allpOKCUMAaIlii TUCKPETHUX 3HAUCHb sJICp BUOpaAHUM
IUIA S7Ipa QaHATITHYHUM BHPa30OM.

4. Po3paxyHoK pejiakcanii HOpMAJbHUX i JOTHYHUX HANPYKEHb

Po3B’s3yeThes 3amaya po3paxyHKy penakcaiii HOPMaJbHUX Ta JOTHYHHUX
HaNpy)KeHb y TOHKOCTIHHMX TpyOYacTHX eJleMEHTaX 3a yMOB HaBaHTAXKECHHS
OJTHOBICHHM pO3TSATOM Ta CKPYYEHHSM. Y SIKOCTI 00’€KTy HOCHTiIKeHHsS 0OpaHi
TOHKOCTIHHI TpyOdaTi 3pa3ku 3 TmojieTwieHy BHcokoi mimpHOcTi I1EBIL
ExcniepuMenTanbHi gaHi 3amo3udeHi 3 [1]. 3HaueHHs mapameTpiB sAep CaJKOBOCTI
BU3HAYAIOTHCS 3@ pe3y/IbTaTaMH alpOKCHUMAI[l JUCKPETHHX 3HAYEHb sIAEp
MOB3Y4O0CTi JPOOOBO-EKCIIOHCHITIITHOIO QYHKII€0 (3) 32 METOMKOI0 BUKIIAICHOIO B
[1]: ¢11=-0,6460, p11=-0,1398 rox*9), A11=1,9439 roxr™*?; 021=-0,4700, p21=-
1,2467 rog 9, A1=2,0197 roxr™*);  ¢i=-0,4706, fi=-1,2402 rox 1+, 1i=2,0155
rog™9;  @,=-0,6334, £,=0,2971 rox ™9,  %,=9,1396 rox{**,

Jlns po3paxyHKy penakcanii HOpMalbHHX HampyxkeHb oqq(t) i3 (1) mnpm

£11=C0Nst; £y1 =g, =0 inpu g, =const; &y = &, =const , y BUNAAKY 3aMipy

B 0a30BOMY EKCIIEPUMEHTI MO3JOBXKHIX 1 TomepeuHux aedopmaiiii MOB3y4OCTi
OTPHUMYEMO i3 BpaxyBaHHsM (3) piBHSHHS

(/1 +ﬂ ) t(1+n)(:l+zz )

Ull(t)—*G(Su £22)31-4 Z

T+ @+ n)(1+as)] (1)
Q+n)1+a,)
+ t
+3B(eyy + 2690)]1— AVZ (f:(lfn))(lw et
v
JIe TIPUIHATO
1
&j =T g &, =811+ 26, & =01-2v)ey -

Jns po3paxyHKy penakcalii JOTHYHHX HampykeHb 7,q(t) i3 (1) mpum
Ep1=&p=c0nst ; g1=0 1 1pu &y =&, =CONSt ; &1 =CONSt i3 BpaxyBaHHIM

(3) piBHAHHS
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0 (71)n(/1 +5 )nt(l+n)(1+a5) 12
1'21(t) = ZGEZI{].],SZO r[li(1+sn)(1+ as)] ( )

Ae IpUAnATO o = 721 (t) 1 & =71 .
Pesynbrati po3paxyHKiB penakcaliii HOpMaJbHHX oqq(t) Ta JOTMYHMX 75 (t)

HalpYXCHb HANPYXEHb y TOHKOCTIHHMX TPyOYacTHX eJIeMEHTaxX 3 IOJIEeTHICHY
Bucokoi mineHocTi [TEBII, Bukonanux 3a piBHsHHIMH (11) 1 (12) 3 BUKOpHUCTaHHAM
nmapaMeTpiB sJep CIaIKOBOCTI, CIIBCTaBIEHI Ha pHC. | 3 eKCIepUMEHTAIbHUMH
MaHuMH. Pe3ymbratm  po3paxyHKIB  HaHECEHI INTPUXOBUMH  JIHIAMH, a
eKCIIepUMEHTAIIbHI IaHi — TOYKaMH.

o11%, Mlla 21%, MIla

Pucynok 1. Penakcariist HopManbHUX (2) HaPYXKeHb Ta JOTUIHHX
HanpyxeHs (0) nomermiery Bucokoi minsHocTi [IEBIT

Jns nonieruneny IIEBII penakcanis HopManmbHUX (puc. 1,a) Ta DOTHYHHX
(puc.1, 6) HampyXeHb PO3pPaxOBYBAJIHCh NMpPU JeopMyBaHHI BHIOBXKEHHSIMH |
3cyBamu nmpu  &1= 1,0 1 &5 = 0,87 (xpuBi 1,0)% ta mpu &= 2,0 1 &y =1,73
(xkpuBi 2, @) %.

BucHoBku

SIk BUIHO i3 pe3ynbTaTiB PO3paxyHKIB peakcanii HOPMaJIbHHX Ta JOTHYHUX
Hamnpy>XeHb MPHUBEICHNX Ha pUC. |, OTPUMAaHO 330BIJIbHE Y3rOJDKEHHS Pe3ysbTaTiB
pO3paxyHKy i3 eKCIepuMeHTaMH. MakcHMalbHa IIOXHOKa, MPH PO3PAXYHKY
penakcanii HanpyXeHb He nepesumrysana 20%.

Crucoxk Jirepatypu

1. Golub V.P., Pavlyuk Ya.V., Reznik V.S. Analysis of creep strains and stress
relaxation in thin-walled tubular members made of linear viscoelastic materials. 1.
Superposition of shear and volume creep Int. Appl. Mech, 2020. VVol. 56. P. 156-169.
DOI: 10.1007/s10778-020-01011-z.
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The Using Calculus of Variations in Crack Modeling

Abstract.Just as in fluid mechanics the most difficult task is modeling turbulence, so for
solid mechanics the description of crack behavior is still an incompletely solved
problem. The possibilities calculus of variations for modeling cracks aredemonstrated.

Calculus of variations methods can also be applied to equilibrium problems
of elastic bodies with cracks, as well as to describe the process of quasi-static crack
growth in brittle media. For problems in which crack growth is unstable and jump-
like, calculus of variations principles allow to determine the critical values of the
parameters at which the dynamic fracture process begins.

1. Calculus of variations approach.

Let us formulate the problem of brittle fracture of a body with a rectilinear
crack. Let a flat elastic body have a rectilinear crack. The domainp is limited by C.
On the part Ci, there are given displacements, and on the part C> surface forces

F = (FX, Fy) are applied. Here, we denote U,V the displacements along the axes

by X, Y . The volumetric forces applied to the body are denoted by G = (Gx,Gy) .

It is assumed that the external loads are given functions of the application point ( X, Y )
and the load parameter P .It is also assumed that the shape of the body, the forces

applied to it and the displacements relative to the section are symmetrical, which
ensures the straightness of the crack propagation during the loading process. For
simplicity, we assume that no force is applied to the crack surface. Therefore, we will

formally include the crack surface to the boundary and consider Fy = Fy =0 on the
corresponding section

To determine the relationship between the instantaneous crack length | and
the load parameter P , we will use the variational principle of the minimum of the

potential energy of deformation, which in standard notation has the form[1]
aw (1,p)/al+y =0, [N

W(I,p):rawli\?J(l,p,u,v), (2
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dxdy — [ (Fou+Fyvds 3)
L (e

Here, the surface energy density is denoted by  , which is spent on the formation of
a unit of crack surface, the quantities u, , uy » Vy ,Vy , a,b,c have the same
meaning as in formulas (1), (3). Formula (2) is a well-known variational principle of
elasticity theory, according to which real displacements minimize functional (3),

which is considered on the class of all kinematically possible displacements U,V (i.e.,
displacements for which the boundary conditions on C, are satisfied).

In the case of proportional loading, when W(I,p):pZWO(I) ,
(WO(I) :W(I,l)) , equation (1) takes on a simpler form

-1
p? - —7|:dW0 /dl] @)

Relations (1) and (4) are algebraic equations that connect pandl, and the
desired dependence | =1(p) must be a monotonically increasing function of the

parameter [2]. If the crack propagates by jumping, then the principle (1)-(3) allows us
to determine only the critical values of the parameters at which the dynamic regime
of unstable crack propagation occurs. The dependence | =I(p) in this case is

represented by a monotonically decreasing function and shows that for longer cracks,
unstable fracture begins at smaller values of the load parameter.

Next, we will limit ourselves to the case of proportional loading. In this case,
as can be seen from (4), finding the desired dependence | =1(p) is reduced to

calculating the derivative dW0 /dl within the limits considered. To determine the

value dWO /dl , we need to solve the problem for the extremum of the functional (3).
To do this, first of all, we will use Green's formula, which allows us to reduce the
integral along a curve to the integral over the region bounded by this curve.

CIZ (FXu + Fyv)ds = g[%(FyV) —;(FXU)}dXdY ®)

According to (5), the integrand will have the following form:

2 2
1 ou 2 ov ouov ¢ ou ov
O=—aE|| — | +| — +2bE ——+—E| —+— | -
2 X oy oxoy 2 \ox oy (6)

0 0
—Gyu-— Gyv + &(Fyv) = @(FXU)
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2. Necessary conditions for minimum potential energy to determine the
corresponding displacements.

To obtain the corresponding Euler-Ostrogradsky equations, one should
calculate the partial derivatives:
od 1 oF od ou ov ou  ov
—= fo—x, :aE—+bE—+1cE —+—
ou 2 ay a(@j x oy 2 \ox oy
OX

oD
— =-F

a X'
[ J
6y

The corresponding Euler-Ostrogradsky equation has the following form:

c a) £ 62u (c bj £ azv 1 G 0 @

—+ +| —+ —+— =0.

2 a2 \2 xoy 2 X

Similarly, we find the partial derivatives
o1 oF oD LY au ov) oo
f:—*Gy+7y 7=aE—+bE—u+£cE —u+— ’T:FV'
o 2 x o ay  ax 2 \ax oy a[fj
oy OX

The second Euler-Ostrogradsky equation has the following form:
¢ aEaZV ¢ bE62u 6, 20 @®)
—+ +| —+ —+— =0.
2 &2 2 ooy 2 Y
The system of equations (7)-(8) is a linear system of partial differential
equations. It has a unique solution.
Conclusions.

The plane problem of crack theory can be reduced to finding a linear system
of partial differential equations that allow obtaining the minimum potential energy (2).
Next, we should look for a solution to equation (1) as a function of the parameters

(p.1).
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Simulation of Tangential Stress Localization in Involute Gear Mesh under
Friction Conditions

Finite Element Method (ANSYS) modelling of the stress-strain state of an involute gear
mesh under friction was performed. The localization of critical stresses (Tangential
Stress) at various Hertzian contact loads (180—555 MPa) was investigated. It was
established that the depth of stress localization increases with rising contact pressure,
confirming the mechanism of fatigue pitting. The modelling results show good
agreement with analytical calculations.
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1. Introduction

The reliability of friction units, particularly gears in running mechanisms,
critically depends on the processes of friction and wear. Assessing these processes is
complex, as their kinetics are determined by specific pressure, microstructural
changes in the surface layer, and chemical reactions at the lubricant-metal interface.
The operational life, in-service reliability, structural strength, and technical-economic
performance of machine parts, especially gears, are closely linked to the mechanical
properties of the steels and alloys they are made of.

Gears operate under impact-cyclic contact loading with rolling and sliding.
The load-carrying capacity of a gear drive is determined by contact strength, bending
fatigue strength, and wear resistance (most often fatigue or abrasive wear resistance)
[1, 2]. The most frequent causes of failure are the reduction of tooth root strength,
fatigue pitting of the surface, and profile wear.

The unreliability of lifetime calculations is a consequence of the complexity
of wear processes, as well as changes in geometric, kinematic, and load parameters of
the contact during operation [3]. Wear changes the radii of curvature of the surfaces,
leading to significant changes in friction regimes: normal contact stresses, the
coefficient of friction, and rolling and sliding velocities all change [4]. The
development of mathematical methods and modern technologies allows for the
modelling of contact interaction using the Finite Element Method (FEM), which
provides a reliable distribution of stresses in the contact zone. This requires selecting
appropriate software and comparing the FEM results with classical methods for
evaluating stresses in local contact.

2. Review of Issues and Relevance

The aim of the work was the numerical determination of the stress-strain state
in the contact area of the teeth of a gear pump during friction. Analysis of existing
research indicates that the main causes of gear drive failure (up to 77 % of all failures)
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are fatigue, abrasive wear, and fracture due to overloading. These failures are largely
caused by dynamic loads that arise during operation [5].

The service life of gear material is significantly affected by residual stresses:
the presence of compressive stresses increases the fatigue limit of high-hardness steels,
while tensile stresses reduce it. The nature of these stresses depends on the methods
and modes of mechanical and heat treatment. For strengthened materials, wear
resistance is inversely proportional to surface roughness: experiments on hardened U8
steel showed that reducing roughness from 4,7 to 2,9 um reduced wear by 30 %.
Furthermore, surface strengthening (shot peening) after heat treatment significantly
increases fatigue strength [6].

The nature of failure (brittle, ductile, or fatigue) for the same deformation
depends on the material. Effective stress-strain state analysis is possible thanks to
physico-mathematical models [7] and experimental techniques, such as photoelastic
methods. The theory of N.P. Suh [8] explains the initiation of failure in local stress
zones beneath the surface. Modelling [9] confirms that the depth of these zones in
polymer materials remains constant during contact movement, which allows for
optimizing friction conditions by changing contact parameters. General patterns of
surface stress-strain state also depend on the thickness of the deformed layer, the shape,
height, and pitch of the asperities, and the load level. Using the thermodynamic theory
of boundary lubrication, the relationship between the speed of surface movement and
the elastic deformation of the lubricant was analysed.

The necessity of considering real operating conditions for accurate contact
stress distribution determined the expediency of applying numerical modelling.

3. Numerical Modelling Methodology

The Finite Element Method (FEM) was used for the investigation. The
geometric model of the gear mesh (a gear pump) was first created in the Dassault
Systems Catia V5 R30 system and then exported to the ANSYS Workbench 2019 R3
package for calculations.

The material properties of the gears corresponded to 30XT'CA steel, with
appropriate values for Young's modulus and Poisson's ratio.

The computational problem was solved in a 3D formulation using tetrahedral
finite elements with quadratic interpolation, as well as specialized "surface-to-
surface" contact elements. To ensure high accuracy, a maximally refined mesh with

an edge size of 150 um was created in the tooth contact zones (Fig. 1).
D - Ce e

Figure 1. Gear mesh modelling in ANSYS Workbench

The ANSY'S software package enables the accounting for the effect of surface
layer strengthening during friction, which is important for a correct representation of
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the material's strength characteristics. To simulate the gear drive's operation, rotation
was specified for the driving gear. The coefficient of friction was set to its minimum
value of 0,1. The stress-strain state analysis was conducted at various meshing stages,
focusing on the sliding zones where maximum stresses arise.

4, Results and Discussion

The stress-strain state of the gear mesh contact surfaces was evaluated at
maximum Hertzian contact stresses of 180,380, and 555 MPa (Fig. 2, Table 1).

a b c
Figure 2. Distribution zone of Von Mises equivalent stresses in the gear
mesh at Hertzian contact stresses of 180 MPa (a), 380 MPa (b), and 555 MPa (c)

Table 1
Components of the stress-strain state of gearing
Hertzian Max geq(Mises), Distribution Zone Max geq(Depth), pm
Pressure(ay), MPa MPa Depth, pum
180 100 160 100
380 212 180 110
555 312 200 130

Analysis of the modelling results established that with an increase in the
Hertzian contact stress from 180to555MPa, the depth of the Von Mises equivalent
stress distribution zone increases by 20 %, while the depth of the localization of the
maximum Von Mises equivalent stresses also increases by 23 %. The comparison of
the calculated values of Hertzian contact stresses and the maximum subsurface Von
Mises equivalent stresses using the finite element method corresponds to the ratio
indicated in [10]:

owmises =0,3-01 (1)

Non-stationary operating conditions, including start-stop regimes, lead to
cyclic load variations that induce pitting, wear, and surface deformation. It has been
experimentally and theoretically established that tooth failure is caused by tangential
stresses [11-13].

For the selected gear pump HIII-39M (withdw=44,5mm), the calculated depth
of the localization of maximum tangential stresses is approximately 76...152pm,
which corresponds to the depth determined by ANSYS only at a Hertzian contact
stress of 180MPa. With an increase in contact stress to 555MP4a, the localization depth
increases to 210 pm.

During modelling, it was established that tensile stresses in the tooth root
reach a maximum during single-pair engagement. Analysis of the tangential stress
diagrams (zxy) in the cross-section of the teeth indicates that, in the contact zone,
tangential stresses change in magnitude and sign. Comparison of the maximum
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tangential stress magnitude obtained during modelling and using the formulazmax =
0,304 omax, established high discrepancies (up to 20 %) at 180 MPa, but the
discrepancy decreases to 4.5% and 0.5% at 380 and 555 MPa, respectively. We
assume that the finite element method is more accurate and universal, as it is based on
the fundamental equations of the theory of elasticity [13].

The modelling results confirm that the movement of the contact point leads to
the appearance of tangential stresses that are variable in magnitude and sign, which
explains the process of fatigue microcrack initiation and pitting. The calculated values
of tangential stresses using the formulas

Tmin = 7(Gmin)o’7lTa (2)

Tmax = "'(Umax)o‘s1 (3)
show good agreement with the FEM modelling results in ANSYS Workbench (Table
2). The application of automated calculation systems, particularly ANSYS,
significantly facilitates the process of obtaining functional dependencies for stress-
strain state evaluation.

Table 2
Comparison of tangential stresses in modelling and calculations
Hertzian . Tmax, Discrepancy, %
Pressure(o), S'Egatithstgge’ CalculatedzRange,

MPa a( ) MPa, (Egs. 2, 3)

180 -38,85...+69,017 -39,9...467,1 2,85

380 -69,01...+110,49 -67,9...+123 10,36

555 -89,02 ...+167,84 -88.8...+167 05

Conclusions

1. Modelling confirms that variable tangential stresses in magnitude and sign,
which arise due to the movement of the contact point, are the key cause of the initiation
of fatigue microcracks and subsequent fatigue pitting of the gear teeth.

2. A high convergence was achieved between the results of the FEM modelling
in ANSYS and the values calculated by analytical dependencies (2) and (3) (Table 2).
This confirms the reliability of the developed formulas for evaluating tangential
stresses in the gear mesh.

3. With an increase in contact stress (from 180 to 555 MPa), a significant increase
is observed in the depth of localization of critical equivalent and tangential stresses.
This factor is crucial for accurate durability forecasting and material strength
calculation.
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Oco0mBocTi k1acupikaunii Koposii 1J1s NOBITPAHUX cyaeH

The article examines the classification of corrosion damages on aircraft structures,
highlighting both traditional and modern approaches to assessment. It emphasizes the

need for integrated systems combining technical and operational perspectives.

OpHi€0 3 KIIOYOBUX NMpoOieM HpH 3a0e3nedeHHi MUTICHOCTI KOHCTPYKIIT
noitpstHoro cyaHa (I1C) e mosiBa KOpO3iiHUX MONIKOKEHb. [1i yac ekcruryarariii
[IC Taki ¢akropu, K KIIMaTHYHI YMOBH, KOHCTPYKIIHHI MaTepiaiiB, 0COOIMBOCTI
KOHCTPYKIiI Ta yMmMOBH ekcrutyaramii [1] Bu3HawaioTe ¢(opMy 1 Micle MHOSBH
KOpPO3iifHHX MOIIKO/KeHb. ICHyroua MeTomoioris kKiacudikamii ¢opM KOpO3iHHUX
MOIIKO/)KEHb BUALIAE TaKi BHIW, K MDKKPUCTATiYHA KOPO3is, MITTIHT (JIOKalTbHA
TOYKOBa KOpO3isi), pO3MIApOBylOoYa KOpO3is, KOHTAaKTHAa (TaJbBaHi4HA) KOpPO3ifd,
KOpO3ifiHe pO3TpiCKyBaHHsA Ta IHIN crenudidHi BUAW, SIKi BIIPI3HSIIOTECS 3a
MeXaHi3MOM BIUTHBY Ha Matepiaj i XapaKTepOoM IMOUIKOKEHHs [2].

3abesneyenHs Oesnewynoi exciutyatanii I[IC  Bumaramo CTBOpPEHHS
yHipiKOBaHOTO MiAX0Ay M0 Kiacupikamii KOpO3iHHUX MOIIKOMKEHb 3 METOI0
CIPOIIEHHS PIillIeHb, TOB’3aHUX 13 BUKOHAHHSAM BiJHOBIIOBAJIFHUX Ta PEMOHTHHX
poOGit. IlosBa i BupoBamkenHs miaxoxy Corrosion Prevention and Control Program
(CPCP) [3] nmo3BOMMIIO CHCTEMAaTH3YBaTH OLIHKY KOPO3IMHUX IIOIIKOMKEHb 3a
piBHsAMH, 110 3a0e3nedye yHiiKalilo METOAIB KOHTPOJIO i pEMOHTY. 3TiZHO 3 UM
ITiIX0/10M, KOPO3iifHi ITONIKO/KEHHS KIIACU(IKYIOThCS 32 TPhOMA PiBHIMHU:

PiBenb 1 (HM3bKUiT piBEHD MOMIKOIKEHb) - KOPO3isl HEBEIUKHUX PO3MIpIB, siKa
HE BIUIMBA€E HA MILIHICTh KOHCTPYKIIIT i HE BUMAarae HEraHOTO PEMOHTY, aJie MiJIsTae
KOHTPOJTIO.

PiBenr 2 (moMipHHII piBeHb TOIIKOMKEHB) - TIIOIIKOKEHHS 3HAYHUX
PO3MipiB, SIKi MOXYTb 3HU3UTH XapaKTEPUCTUKU MIIHOCTI i BUMArarTh IIAHOBOTO
peMoHTY ab0 3aMiHU €JIeMEHTIB KOHCTPYKIIi.

PiBeHb 3 (BHCOKMIi PiBEHb MOIIKOMKEHb) - BEJIMKI 200 IIMO0KO MPOHHUKAIOYi
KOPO3iiiHi MOIIKO/KSHHS, IO KPUTHYHO BIUIMBAIOTh Ha O€3MeKy Ta ITCHICTh
KOHCTPYKLIl, siKi MOTpeOylTh HEraiHOro BTPYYaHHA 1 MOXKE IPHUBECTH [0
NPHU3YNHUHEHHS eKcIuTyaTalii ¢uory.

KirodoBoro BiaMiHHICTIO Kiacudikamii 3a piBHAMH, Ha BIiIMIHY BiJ
knacudikarii 3a popMaMu Kopo3sii, € Te, Mo BoHA 0a3yeThCs Ha 00’ €Mi Marepiary,
SIKUH BHIQISIETHCS TP YCYHEHI KOpO3iHHOTO MOIIKO/UKEHHS, a He Ha mpHposi abo
MexaHi3Mi KOpo3ii. AJie J0ZaTKOBO BBOJHUTHCS OL[iHKA, YM HOCSTH IOLIKO/DKEHHS
JIOKAJIbHUH, B MeXaX IEBHOTO KOHCTPYKTHBHOTO €JIEMEHTY, UM IIHPOKO ITONIHPEHe
(widespread) koposiiiHe MOIIKO/KEHHS. B IiJOMy, 11€ 3HAYHO CIPOILYE MPOLEC
kBaiQikanii MOMIKOIKEHb, a TAKO)XX BUMOTH 0 PIBHS IiATOTOBKH MEPCOHAINY, IO
3aificHIOE POOOTH MO BiAHOBJIEHHIO LITICHOCTI KOHCTPYKUii. 3a3Buuail TakoMy
MePCOHANY 3 TEXHIYHOrO OOCIyroBYyBaHHS HE MOTPIOHO IIMOOKO po30upartucs B
CKJIAAHIM  TpHpPORI  KOPO3iMHMX  IpomeciB, JOCTaTHBO  JOTPUMYBATHCS
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peTJIaMeHTOBAaHUX HPOLEAyp, SKi BH3HAYAIOTHCS B KEPIBHULTBI 3 PEMOHTY
koHeTpykwii TIC, ski BU3HAUAIOTBCS KPUTEPiIMH BHUMIPIOBAaHHA 1 BiJIOBIAHOCTI
JOIMYCTUMHUX pO3MipiB At Janoi yacTuHu koHcTpyKii [1C.

PasoM 3 TuUM, AN TNPOTHO3YBaHHSA BHHUKHEHHS KOpO3il 1 CTBOpEHHS
BIJTOBIAHUX MOJIeTiel BKpall BaKIIMBO BpaxoByBaTH GopMy Koposii. BusHauansHUM
YUHHAKOM BHHHUKHEHHS Ta PO3BHUTKY KOPO3IMHUX YIIKOMKEHb € MEXaHi3M 1 THII
KOpo3ii, 30KpeMa TalbBaHIYHA KOpO3isi, IIO OOYMOBIIOETHCS  PI3HHUIECIO
@JIEKTPOXIMIYHMX MOTEHINANIB MK eJIeMEHTaMH 3 Pi3HOPITHUX METalliB; MITTiHroBa
KOpO3isi, SKa BUHUKAE B HACIIIOK JIii JJOKATFHOI KOHIICHTPAIIT arpeCHBHUX JOMIIIOK
Ha MOBEPXHI MaTepiay; a TaKoXX MDKKPHCTAIITHA KOPO3is, [0 PO3MOBCIOKYETHCS
B3ZI0BX TIpaHHIb 3epeH Merany. lle 3HA4uTh, L0 BPAaxyBaHHS TUIBKU DIBHA
MOIIKO)KEHb HE J03BOJISE MepeadadunTi WMOBIPHY HOSBY 1 PO3BHTOK KOpPO3ii, IO
00MeKye MOXKIMBOCTI PaHHBOTO TONEPEDKEHHS 1 IUIaHyBaHHS NPOQITaKTHYHHX
3aXOJiB.

3 iHmoi Touku 30pu B xomi ekcruryaranii IIC wracmdikarist 3a piBHIMHI
cnpoiye i yHihiKye METOJUKH OIIHKK KOPO3IMHUX MOIIKO/DKEHD JUIS Pi3HUX TUIIB
MOBITPSIHUX CYZAEH, 3HIKYIOUH IOMHJIKH IEPCOHANTY 1 IPHCKOPIOIOYM IPOLECcH
TEXHIYHOTO 0OCITYrOBYBaHHS.

Tomy muisi aHami3y OmMCYy MPUYMH KOPO3ii Ta IUIA po3poOJeHHS Mojeneit
MIPOTHO3YBAHHS TOSBU KOPO3iHMX MOMIKOMKEHb iCHYe mOTpeba B po3polmi Oibir
KOMITJICKCHOI CHCTEMH KiTacu(iKalii TAKHX MMOIIKOKEHb.

s Toro 106 kiacudikaiis KOPO3iHHUX MONUIKOKEHb Oyiia 3pyYHO0 IS
(GOpMyBaHHS CTaTUCTHKA Ta MOJANBIIOTO BHSBICHHS 3aKOHOMipHOCTEH IX
BHHUKHEHHS, BOHA ITOBUHHA MaTH TaKi BIaCTUBOCTI:

1) OpHO3HAYHICTB 1 NMPOCTOTa BHMMIpIOBAaHHS mapaMeTpiB. Bci kirodosi
nmapamerpu (popma Kopo3sii, 00'eM IOIIKOHKEHHS, MICIIe PO3TAaIlyBaHHS TOIIO)
MMOBHHHI MaTH YiTKi Ta 00'€KTUBHI KpUTEpil OI[IHKH, TOCTYIHI IS 3aCTOCYBaHHS B
yMoBax ekciuryaraiii. lle 103BOJHMTh YHHKHYTH CYO'€KTHBHOCTI Ta ITiIBHUIIUTH
TOYHICTh CTATHCTUYHHX JIAHHX.

2) YHiBepcanbHICTh i cTangaptusanis. @opmar kiacudikaii i cama cucrema
KaTeropiii MOBMHHI OyTH €IMHMMH i 3aCTOCOBHHUMH IO Pi3HHX THIIB MOBITPSHUX
CyZeH i eKkcIulyaTalifHiux yMoB. Lle JacTb MOXKIMBICTh HAKOMUYYBAaTH CTATUCTUKY
BiJ pi3HUX OIepaTopiB AJIs HOOYOBH 3aralIbHUX 3aKOHOMIPHOCTEH.

3) BararopiBHeBa CTpPYKTypa 3 KUIbKICHUMH Ta SIKICHUMH IapaMeTpaMHu.
3amicTe mpocTOi TpUpIBHEBOI Tpamamii, ska BHKOpHcTOByeThcs B CPCP
PEKOMEHIYEThCS BKJIIOYATH B KIACH(]IKaIlil0 KibKa 3MIHHUX (HampHKIan, Gopmy
KOpO3ii, po3Mip TOIIKOMKEHHS IICIS 3aYUINEHHS KOpO3il, KPUTUYHICTH BY3Ia),
KOXKHa 3 SIKMX KOIYEThCS 4HcIoM abo kareropiero. Ile mojermurs moGynoBy
6araTOBMMIPHUX CTATHCTHYHHX MOJCIICH.

4) MoxnuBicte mudpoBoi ¢ikcanii Ta aBroMatu3oBaHOro aHamisy. Jani
kiacugikanii MOBHHHI JIeTKO iHTerpyBaTHcsl 3 IH(QOpPMALIHUMHU CHCTEMaMu
TexHiyHOro obciyroByBanns (Hampukian, AMOS [4], ska BUKOPHCTOBYETbCS HE
TUNBKU JUIS ITaHYBAaHHS, BeJCHHsS poOOUYMX HakasiB, 0ONIKy 3allaCHUX YacTHH, aJe i
icropii nitaka), 6a3aMu JaHUX 1 IporpaMaMy MAIIMHHOTO HaBYAHHS, 10 JO3BOJIUTH
BUSIBILITH B3a€MO3B'SI3KH 1 IPOTHO3YBATH KOPO3iiiHi MPOIIECH.

Hamnpuknazx, MoXHA BUKOPHCTOBYBATH KaTeropii:
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- Critical Corrosion (KpUTHYHA KOpPO3is) - KOPO3iiiHi ITONIKOKEHHS, 3JaTHi
MIPU3BECTH J0 aBapiHUX CUTYAIil, 10 BUMAraloTh HEralfHUX 3aXOiB.

- Moderate Risk Corrosion (kopo3is MOMIpHOTO PHU3HKY) - HOIIKOKSHHSI,
3MaTHI B JOBIOCTPOKOBIfi MEpCHEKTHBI 3HM3UTH HAIMHICTH 1 MILHICTH, IO
BUMararoTh IUIAHOBOTO PEMOHTY.

- Low Risk Corrosion (kopo3isi HU3bKOTO PU3HKY) - He3HA4Hi AedeKTH, 1o
KOHTPOJIIOIOTHCSL B PAMKAX PEriIaMeHTHHUX OTJISIB.

Auroput™ Kinacugikanii kopo3iiHux monmkomkeHs I1C MokHa moOymyBaTH
TaKUM YHHOM, 100 3a0€3MeYNTH 3pYIHICTh CTATHCTUYHOI 0OPOOKH Ta MOJKIIHBICTD
00’ €KTHBHOTO PO3IMOIiTY TIOMIKOMKEHb 3a kareropismu Critical, Moderate ta Low.

Ha mouaTkoBoMy eTari BpaxoBYIOThCS BXiIHI HapaMeTpH, cepel IKUX: popma
KOpo3ii (BU3HAYAETHCSA 3a PO3POOJICHHM JOBITHUKOM KOMIB), IUIOMIA Ta TIMOWHA
YpaKEHHS,  KPUTHYHICT  JOKamizamii  (3aJIe)KHO  BiA ~ HAaBaHTaXCHOCTI
KOHCTPYKTHBHOTO €JIEMEHTa), YacTOTa IOSBH IOLIKO/UKEHb y ITaHOMY BY3Mi 3a
ICTOpHYHUMH JIaHUMHM, YMOBH eKCIUTyaTallii (CepeloBHINE Ta HABaHTAXKEHHS), a
TaKOX JIOCTYITHICTh 1 MEPiOTUYHICTD 1HCTICKITIH.

Hani  BinOyBaeTbcs KoqyBaHHS (OpMHM  KOpO3ii: KOXXKHOMY BHUIY
MIPUCBOIOETHCS YHUCIOBUI Kon (Hampukian, 1 - KOposiliHe pO3TpiCKyBaHHS BifJ
HaNpyXeHH, 2 - MDKKpPHCTaJIITHA KOPO3isd, 3 - MITTIHT, 4 - ra/lbBaHiyHa Ta iHmn). e
J03BOJISIE  arperyBaTH CTaTHCTUKY 3a THINAMHM IOWIKO/pKeHb. Ilicns 1poro
3MIACHIOETBCSA OIIIHKA IUIOMI Ta TMOWHM Koposii. OTpuMmaHi 3HAYeHHS
MOPiBHIOIOTHCS 3 IOPOTOBUMH KPUTEPISIMH ISl BIATIOBIHOTO TUITY KOHCTPYKIIii, 110
JIa€ 3MOT'Y BU3HAUUTH CTYIIIHb MOIIKOJDKEHHS: HU3bKNUil (3HAUEHHS CYTTEBO HIDKUI 32
MOPOTH), cepe/IHii (HaOIMKeHi 0 TOPOrOBHX 3HaYeHb) a00 BUCOKHH (IIepEeBHILIEHHS
MOPOTiB, KPUTHYHE JUISI MIITHOCTi KOHCTPYKIIT).

OKpeMO BH3HAYAETHCSH KPUTHYHICTH MICI TTOIIKO/DKEHHS, SKa KOIYETHCS
3aJIeKHO Bif (YHKIIOHANBEHOI POJNI €JeMeHTa: NEepBHHHA HECy4a KOHCTPYKIIiS
(Principle Structure Element - PSE) orpumye HaliBumuii piBeHb KPHUTHYHOCTI,
BTOPHHHA KOHCTPYKIIisS OLIHIOETHCS HA CEPEHBOMY PiBHI, & HEKPUTHYHI €IEMEHTH
BiTHOCSITBCS 1O HAMHMKYIOTO PiBHS.

Ha HacTymHOMy erami HpOBOJMTBCS 3BaXYBaHHS yciX (akTopiB Ta
PO3paxyHOK iHTerpansHOro Oany momkomKeHHs R 3a gpopmyoro:

R=ws - F+w;-S+w.-C (1)
ne F - xox dopmu kopo3ii, S - crymiHb MOMKOMKEHHS, C - KPUTHYHICTH MicIs
JIoKai3aii, Wf,Ws,We - BaroBi koegillieHTH, BU3HAYCHI HA OCHOBI CTATHCTHYHOTO
aHaJi3y Y1 eKCIEePTHHUX OLIIHOK.

ITpu o1iHIOBaHHI PiBHS KOPO3iHHOTO MOIIKO/KEHHS OLIIBHO BPaXxOBYBaTH
nmosipuicte Bussienns (Probability of Detection — POD) [5] koposiiiHoro
nmomkopkeHAss.  KoposiiiHi momkoKkeHHs, Ha BiMiHY BiJ TpIIUH, YacTO MalOTh
CKJIaJHI TPHUBUMIpPHI ()OPMH 3 CIIPSMOBAHICTIO, IPEICTABIIIOYH PEATHHIIA 00'€MHUI
nedekr B marepiami koHcTpykuii. Bukopucranas POD sk BaroBoro koedimieHTa
JIO3BOJIA€ TIEPEHTH 1O BIJHOCHUX BEIMYUH OLIHKH PH3UKY, SKi aBTOMATHYHO
BPaXOBYIOTh T€OMETPII0 1 CKIIHICTh Ae(EKTYy i MPU LBOMY € HE3aJICHKHUMHU Bil
KOHKPETHOTO METOXy BHSBJICHHS KOpPO3ii (YIbTpa3BYKOBHH, BUXPOCTPYMOBHUII Ta
inmi). KpiM Toro, B momanbuiomMy e Moxxe OyTH iHTErpoBaHO y GOpTOBI MeToan
Ge3IepepBHOr0 MOHITOPUHTY TEXHIYHOro craHy KoHcTpykuii (Structural Health
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Monitoring - SHM). Tomy POD MoxHa po3risaaTd sIK JIOAATKOBHI BaroBuii
koedirieHt iToai popmyna | mpuiime BUTIISI:
'R
’ R = m (2)

ne R - ckoperoBaHuit 6ai MOMIKOKEHHS.

®DiHaNBHIM KPOKOM € KIacH(}iKallis MOMIKOKEHHS 3a KaTeropisiMU PU3HKY.
Skmo oTpuMaHe 3HadeHHs R TiepeBHIIye a60 MOpiBHIOE TOPOTY Teritical |
MTOIITKOJPKEHHS BITHOCATH 110 Kateropii Critical Corrosion.

Sdxmo R’ 3HAXOAMTBCA MikK TOPOTaMHM  Tmoderste T4  Teritical, BOHO
kiacudikyersest sk Moderate Risk Corrosion.

V Bunanky, komu R’ € HimkuuM 3a Tmoderate, MOTIKOKEHHS BBAKAETECS Low
Risk Corrosion. 3HaueHHs MOPOTIB BCTAHOBIIOIOTHCSI Ha OCHOBI aHANi3y JaHHX 3
eKCILTyaTamii Ta BUMOT Oe3IeKH.

BucHoBok

3anponoHoBaHUN MiAXia Kiacudikaiii KOpo3iiHUX MOIIKOIKCHb HAIIJICHUI Ha
BUPIIICHHS KIIOYOBOTO 3aBJAHHS - OLIHKHM BIUIMBY KOPO3ifHUX YIIKOJKEHb Ha
Oe3MmeKky MOBITPSHOTO CyJHAa Ta MPOTHO3YBaHHSA HMOBIPHOCTI TOSBH KOPO3ii.
BukopucranHs 1poro Merony Kiracudikamii BiIKpHUBa€ HOBI HEPCIEKTHBH IS
BIIPOBADKEHHS CHCTEM O€3MepEePBHOTO MOHITOPUHTY TEXHIYHOTO CTaHy KOHCTPYKIIH
(SHM), 3matHUX e(eKTHBHO BpaxoByBaTu 00’ €MHY MPUPOLY KOPO3IHHHUX IE(EKTiB.
Ile cyTTeBO mMigBMINYE TOYHICTH 1 ONEPATUBHICTH YIPABIIHHSA OE3MEKOI Ta
TEXHIYHUM O00CITyroBYBaHHSM JiiTakiB. BogHowac edekTHBHICTH 3ampoOIOHOBAHOTO
MiAXOAY 3aJ€XHUTh BiJl TOAAJBIIONO TIHOOKOrO aHamizy i3 3acTOCYBaHHSIM
CTAaTUCTUYHHUX JTAHUX, [0 OYIyTh OTPUMaHI BiJl eKCIIIIyaTaHTiB, Ta aJIaNTaIlil BATOBUX
Koe(]ilieHTIB y MaTeMaTU4HI MOJENI Ha OCHOBI peajbHUX EKCILTyaTaliiHUX YMOB i
MTOKA3HUKIB.
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Fatigue Monitoring in Metallic Materials

Fatigue in metals is more than fracture being monitored visually. Non-destructive
testing provides a gamut of techniques which allow a material’s fatigue response to be
monitored. A way on how to get these techniques assessed and applied in view of
monitoring is presented using thermography as an example.

1. Introduction

Fatigue is a major issue for structures under cyclic loading. This specifically
applies to aerostructures, where the principle of damage tolerant design (DTD) is a
major building bloc. DTD allows damage in a structure to exist as long as a tolerable
damage is not to occur. To get this achieved prognostic and diagnostic tools are
required. Damage (or better degradation) is traditionally seen as material separation
and hence fracture. In that context various approaches based on fracture mechanics
have been proposed for fatigue life evaluations over the past. To get this applied a
reliably detectable as well as a critical (tolerable) crack length has to be determined,
where the former is defined by methods of non-destructive testing (NDT) while the
latter is defined by structural design. Depending on a loading sequence applied to the
structure a time interval is then determined, which defines the time after which an
inspection is required.

To cope with uncertainties in the DTD related process, the time to inspection
is usually considered half of the time interval determined between detectable and
tolerable damage. This results in many of the inspections performed to no failures
found (NFF). This can make the operation of those structures costly, specifically if
these are difficult to access. Means to get the inspection process automated are
therefore in big need. Consequently, structural health monitoring (SHM) has emerged
over the past to get the inspection process automated where a lot of research work has
been performed, not limited to aerospace only (i.e. [1]).

Fatigue degradation in metallic materials is not just limited to fracture only.
There are various mechanisms prior to this including dislocation movements and
clustering, phase transformation and plasticity, to just name a few. To get this covered
in terms of prognostic fatigue life evaluation a load sequence (spectrum), an S-N curve
and a damage accumulation rule is required, where the latter is mainly based on the
rule Palmgren-Miner rule. For a given load spectrum as an input the
material’s/structure’s response is provided through the S-N curve and the Palmgren-
Miner rule as a simple linearization of damage accumulation in accordance to the load
sequence applied. Structural components being shaped result in an inhomogeneous
loading (i.e. stress and strain) distributions which leads to S-N curves dependent on
the structure’s geometry. This problem can be avoided in a way that a load vs. notch
relationship such as Neuber’s rule or others [2] is applied, which allows a material’s
behaviour in a notch, a structure’s most fatigue critical location, to be described. In
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that case only the material’s S-N curve is required and fatigue life can be evaluated
for virtually any structure made of the respective material.

Determination of an S-N curve can become highly laborious and costly. Following
traditional rules a set of 20 to 30 fatigue experiments have to be performed under
constant amplitude loading at different loading levels. Recently, short term evaluation
procedures (STEP) have been developed where three or even less fatigue experiments
are required to determine an S-N curve of decent quality [...]. Conventionally two
constant amplitude tests (CAT) are performed, one at a higher and the other at a lower
loading amplitude. This is added by a strain or load (stress) increase test (SIT or LIT)
where fatigue cycling starts at a lower amplitude under constant amplitude and is
stepwise increase after a defined number of cycles until the specimen fractures while
the material response in terms of stress, strain or any other parameter is continuously
monitored. This reduces the effort for generating an S-N curve by a factor of 10 easily
and allows DT principles to be applied to a wider extent.

Fig. 1 shows an S-N curve in terms of total strain amplitude versus life where the
curve has been determined based on STEP for a conventional C45E (SAE 1045) low
alloy carbon steel [...]. The two CATs used in STEP are shown as red data points.
Data points of additional tests performed additionally are shown in black and approve
the validity of the approach taken.

2. NDT as a Means of Materials’ Response and Monitoring

NDT is widely used for materials’ characterization in terms of detecting flaws
and fracture but also for sorting materials with respect to their different characteristics.
NDT techniques can be mainly differentiated between those based on mechanical and
electromagnetic principles. The former ones range from low frequency vibration
(modal) analysis to high frequency ultrasound while the latter ranges from low
frequency radar to high frequency gamma rays. All of the techniques measure a
material response and it is the big question, what the signal monitored represents in
terms of material response in the end.

Fig. 2 shows a portion of the set-up of a fatigue test on the righthand side.
What can be seen is the unnotched specimen to be tested as well as a thermographic
camera behind, recording the specimen while being fatigue tested. The lefthand side
of Fig. 2 shows a sample recording of the thermographic camera. It can be seen that
the specimen heats up more in the minimum cross-section than it does at the shafts.
To characterize the material’s response with respect to temperature, temperature was
recorded at the three locations indicated as T; to T and a temperature difference AT
has been determined in accordance to the following equation:

T1+T,

AT =T; — 1)

The result of different CATs and a SIT performed in stress-control mode is
shown as AT versus normalized fatigue life in Fig. 3. Looking at the material response
provided by the SIT first it can be seen that there a very limited response (the
thermoelastic effect) before the material becomes plastic. For the CATs the material
becomes plastic directly after the first loading cycles before it then stays on a plateau
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with a slight decrease, possibly due to cyclic hardening, followed by a significant
increase at the end due to fracture.

Totad strain amplitude [W]

Cyties to fallure

Figure 1: Material strain-life curve for C45E estimated with STEP

Figure 2: Fatigue experiment on unnotched specimen monitored by a
thermographic camera; thermographic image (left) and experimental set-up (right)

When looking at an S-N curve such as in Fig. 1, action (strain) as an input
parameter applied is plotted versus reaction (the number of cycles to failure) as the
output parameter received. The disadvantage of this description is, that for the output
parameter only a single value for the condition of full fracture is given while for any
condition in between only the Palmgren/Miner-rule can give an estimate and this only
on the basis, that the load sequence applied is known and can be used as an input
parameter as well. Numerous discussions over the past have clarified that fatigue
damage accumulation can be far from a linear process as assumed by the
Palmgren/Miner-rule. Hence, the question arises, if the material response recorded
along the fatigue performance allows the non-linearity of fatigue degradation to be
described. To get this visualized a 3D plot is required as shown in Fig. 4. This plot
spans loading versus normalized life, similar to an S-N curve, and is added by the
material response measured with the NDT technique being the temperature difference
AT for the case presented here. As has been shown in [...] the loading parameter may
not be limited to stress or strain only but may rather include additional parameters that
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influence the NDT parameter. In the present case a suitable parameter P turned out to
be

P=¢gup - (oa - oy) (2)

where &g, is the plastic strain amplitude, w the circular frequency of the loading, o,
the stress amplitude and o,, the yield stress respectively. The fatigue data recorded
and plotted in such a 3D space looks to build a topography which does allow a
material’s fatigue degradation to be better characterized than this has been
traditionally possible with an S-N curve only.
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Figure 3: Temperature difference monitored versus normalized fatigue life for
three load-controlled CATsand a LIT

What is additionally shown in Fig. 4 is the way how the results from LIT
perform in the 3D plane. Bearing in mind that results have been obtained from
different tests and specimens the material response from the LIT pretty well match
with the response from the CATSs. Hence, this proves that the assumed topography of
the material’s fatigue performance determined seems to be valid.

Conclusions

What can be concluded from the results obtained is that a topography of a
material’s fatigue performance can be described for an NDT-based parameter defined,
provided that fatigue loading is associated with the physics of the NDT principle
considered and fatigue life is plotted in a normalized way. Considering any service
load sequence applied to the material and monitored with the respective NDT
technique accordingly would principally have to follow the plane the topography
spans. With this some lacks in fatigue life evaluation resulting from the linearization
within the Palmgren-Miner rule could be overcome. However, this still requires a
detailed proof.

53



e L Seaamatnnd L% |4 e [ra—————

Figure 4: 3D display of material’s fatigue performance for three CATs and a
LIT; individual results (left) and topography (right)

What the topography shown in Fig. 4 also provides is a possibility to assess
the respective NDT technique in view of its SHM application. Assuming that an
engineering structure should be assessed with respect to its degree of degradation, a
sensor could be placed on the structure and data could be recorded for a limited period
of time. The dataset recorded should describe a portion of the topography described
and the question would be if this could be identified for the material response shown
in Fig. 4. If this would be possible then the degree of degradation would be equivalent
to the portion of normalized life in the 3D diagram. Looking at the example shown in
Fig. 4 assessment of the degree of degradation looks rather difficult since the
topography of the material response is fairly constant over a wide range. To get this
issue solved is either the provision of more data to get the topography more
differentiated, if possible, or to declare the NDT technique less suitable for SHM in
case fracture is not the sole criterion for assessing the material’s degradation. Further
analysis might be required for the future.
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Aircraft Engine Fan Strength Analysis of Bird Collision

Numerical simulation of the process of birds hitting the fan blades of an aircraft gas
turbine engine. The aim of modelling is to determine the criticality of the strength state
of fan blades after the impact of birds. Parameters of the stress-strain state of blades
depending on time are obtained.

An approach to numerical simulation of bird strike on the fan blades of an
aircraft gas turbine engine (GTE) is proposed. The purpose of the study is determining
the most critical cases of bird impact from the strength viewpoint of blades that is
determined by the Airworthiness Standards for aircraft engines. However, only some
of them are the most critical and subject to in-depth verification. To identify such
cases, finite-element modelling using explicit dynamics methods is applied. The
choice of the most critical case from the strength viewpoint of the blades is made
between two variants simulating a flock of medium-size birds or a single big bird with
given sets of parameters (mass, sizes, speed, angle) with the rotating fan wheel.

The model of the fan impeller is used as a circular assembly of the sector of
fan blades on a model disk with a hydrodynamic model of a single big bird or a flock
of medium-size birds with discretization by the SPH method. A feature of the
proposed approach is an algorithmic solution for damping parasitic oscillations of the
blades that occur during the instantaneous application of the angular speed. The
parameters of the stress-strain state allow assessing the possibility of failure of the
material of blades and the overall bird resistance of the structure. These virtual
experiments make it possible to conclusively narrow the number of tested parameter
sets for a given design class in compliance with the Airworthiness Standards. The
proposed computational models and algorithmic schemes for carrying out numerical
analyses are verified according to the data of bench experiments. The use of such
computational analysis tools makes it possible at the design stage to reduce the time
and resources spent by reducing the number of bench experiments required for
certification (Ivchenko& Smetankina, 2021).

Conclusion

Results of the study demonstrated the possibility of adequate replacement of
bench tests with computational virtual experiments in the design of rotor blades of the
GTE. This allows to reasonably reduce the experimental checks of design options.
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BnuinB 101aTKOBHX KOHCTPYKTHUBIB Y KpuJi i y cTilikax maci Ha yMoBH
NpU3eMJICHHS | HACTYNHUIi NPOOJIr JiTaka TpaHCNIOPTHOI KaTeropii

Poszensdacmocs npobrema 3abesneuenus b6e3nexu nocadox Nimaxie mpaHcnopmuoi
Kamezopii WAAXOM 66e0eHHA HO8UX 000AMKOSUX KOHCMPYKMUBIE ¥ KPUTO, OCHOBHI
cmiiku waci. Hoei koncmpykmueu: wjinunui —iHmepyenmopu y — GUCYSHUX
bacamowinunnux 3axkpuikax kpuia (LI3) ma dodamkosi enepeemuuni xamepu 6
amopmusayitiHux cucmemax ocHognux cmitkax waci rimaxa (AEK). I3 doseonunu
3abe3neuumu npuckopere npuzemients aimaxa no 3I1C, a JJEK — 3nusumu eenuuuny
NOCAOK0B020 Nepesanmadicents ma NPUCKOpeHe BKI0UeHHs 8 pOOOMY KOTICHUX 2abM
Ha npobiey.

AkrtyanabHicTb. [IpoOnema 3a0esmedeHHs O€3MEKH MOCANOK JTaKiB
TPAHCHOPTHOI KaTeropii 3arocTPrOEThCA MPH CTBOpPEHHI iX Moaudikamiii 3i
301TBIIICHO0 PEHCOBOO MPOTYKTUBHICTIO, IO CIIPHYUHSIE HEOOXIIHICTh 301TBIIICHHS
noTpiOHOI TOBXUHHM 371iTHO-TIocaakoBol cmyru L(3I1X). Taka obcraBuHa mpu3Beae
JI0 HeoOXimHOCTI mepeda3yBaHHs MoaudiKallii Ha aepoAPOMH BHILOTO Kiacy, HDK Y
0a30BOTO JiTaKa, a Iie, y CBOIO Yepry, iCTOTHO 3HH3UTh KOHKYPEHTOCIIPOMOXHICTh
MoudiKaii.

BupimenHss mpo0ieMHu 3alpONOHOBAHO 3MIMCHUTH IIIIXOM 3aCTOCYBaHHS
HOBHX KOHCTPYKTHBIB y KpHJIi Ta B aMOPTH3aiHIX CTiKaX maci Jitaka. llnsxom
BBEJCHHS IIUJIMHHUX IHTEPUENTOPiB Yy BUCYBHHX 3akpmikax kpmma (ILI3) Ta
JO/IaTKOBHX eHepreTHyHuxX kamepax (JJEK), B amoprusauiiiux crilikax maci.

Ha pucynky | HaBeeHO NpUCTpii Ta cXeMa BHKOPHCTaHHS MLITMHHHX
IHTEPLENTOPIB Y KPHJIi JTiTaKa TPAHCIIOPTHOT KaTeropii.

3 HaBeseHol reoMeTpii BHIUIMBae, IO HOBUH KoHcTpykTHB 113
BHUKOPHCTOBYETHCS OJJHOYACHO 3 BEPXHIM KPHIOBHUM iHTEPLIENITOPOM, IO MPH3BOIHUTh
JI0 PI3KOTO 1 iCTOTHOTO aiHHA MiIHOMHOI CHIIM BPIBHOBAXKYE JIITAK MPH3EMICHHS Ha
3I1C [1-4].

Taka 3MiHa aepOJMHAMIYHOI CHJIM MPUBOIHUTH IO IIBHAKOTO MPU3EMIICHHS
nitaka Ha 3I1C i nomansmoro 6e3nepepsroro pyxy mo 3I1C.

[TpupoaHo, 110 301IBIIYETHCSI HABAHTAXEHHS 1 1I1aci, 1 JliTaka 3arajiom.

21.]'[5[ SHMXKCHHSA LbOI'O HETAaTUBHOI'O MMOKa3HHWKA 3alIPOIMNOHOBAHO BCTAHOBUTH
B aMopTHU3aliiiHuX cTiiikax maci nomatkosi eHepreruuHi kamepu (JIEK) sk HOBHii
KOHCTPYKTHB (puc.2).

3 HaBEICHUX JaHUX Ha PHC. 2 BUILIMBAE, 110 JOIATKOBA CHEPreTHYHa Kamepa
(JEK) posramoBaHa y BepXHiif 4acTHHI 3BHYaiiHOI aMOpTH3aIiiHOI CTiMKK mmaci i
MIPAIIOIOTh BOHHU IIOCITIZIOBHO B Mipy CHJIOBOTO BIUIMBY Ha Kojieco CTilku. Taka
JBoiCcTa CTPYKTYpa HOBOI aMopTH3aliiiHol criiiku (TobTo Mictuth JJEK) no3Bosie B
ONTHMAJIBLHOMY PEXKHMI CHPUIMATH K Maji KOJHMBAHHS IPHU Iepei3i HepiBHOCTEH
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aepoIpoMy, Tak i TacUTh 3HAYHI KOJNMBAHHS, 10 BUHUKAIOTh Y MOMEHT IMEPIIOro
MI0Ca/IKOBOTO yZapy.

3akpuiku

Pucynok 1. Bukopucranus MoaudikariiHuX 3MiHEHb B MeXaHi3allii 3a1HbOTO
KPOMKH KpHJIa: a — Ha eTalli IUIaHyBaHHs i BUPIBHIOBaHHS; O — Y MOMEHT
MIpU3eMIIEHHS 1 IpH 1po0iry; 1, 2 — OCHOBHI CeKIIii 3aKpuika; 3 — OCHOBHI

IHTEpPUENTOpH Ha KpwJi; 4,5 - IIIIMHHI IHTepPUENTOpU Y BUCYBHUX 3aKpHJIKaX KpUIia

(I13)

9 Arperar kepyBaHHs

.M. e JIaTlaHOM BIIK/TIOUCHH I

Kpan xepyBanHs

Tizpoakymysitop 1 - O 3mms
< Tuck P
KaHaJl po3BaHTaxKeHH S
: * Xin nopumns S,

Kanau «cTpudka»

AW N

l"azoBa kamepa b
P,=120kr/em’; V =5650cm °

I'a3oBa Kamepa A _—

5 Py=9kr/cm’; V=5890cm’ Tlopuienp
Tasona xavepa T~ Maymxep

T'a3oBa kamepa B
JIEK B amoprH3aropi miaci:
HHeBlIVIaTI/IK 1.2, S — JIEK:
\l/ 3,4,5,6, f , f — ocHoBHHiIl amopTH3aTOp;

7, 8,9 — onok kepysanns JIEK

; OCHOBHUI CTOSIK

PucyHok 2. Cxema po3raiyBans JJEK B amopTu3auiiiHux croskax maci Ta ii
OCHOBHIi ImapameTpu: Sp, — XiJ NOPLIHS B pO3BaHTaXyBanbHil kamepi JIEK;
fix » fox — TIPOXizHi IIepepi3u Ha IpsAMOMY i 3BOPOTHOMY Xo1y; K ; — Koedimient
nemndysanus JJEK Ha 3B0poTHOMY X0y HOBOI aMOpTH3aLiifHOI cHCTeMH
BBenennst nBoX HOBHX KOHCTpYKTHBIB III3 y KOHCTpYKMLilO BHCYBHHX

3aKpUWIIKIB KpHia Ta nomaTkoBux eHepreruynunx kamep (JIEK) y criiiku maci
JI03BOJISIE 32 HOBUM MIJIHTH 10 OL[IHKHM BCi€l OCaAKOBOI AUCTAHLIT tiTaka (puc. 3).



OCHOBHI ITapaMeTpH Ta eTany MOCaJKOBOI JUCTaHIi: 1 — raHyBaHHS; 2 —
BUPIBHIOBaHHS; 3 — MapaulyTyBaHHA; 4 — He TaJbMiBHHIA pooir; 3-4 — 3ona mii L3
ta JIEK; 4-5-6 — mpo0ir; 5-6 - raneMiBHUiT mpoOir (Tab.).

3ona aii U113 1 JIEK

Kondirypauis

|
R Ly B QL0 06 _® | 0 9
! ! - L -t
"+': ! [ Tpobir
! Lanc ! [l -
IMocankoBa awcTaniiis

Pucynok 3. OcHOBHI apaMeTpH i eTany MocaJAKOBOI AUCTAHIIT

[IpobneMaTnyHiCTh MOAIOHOTO 3aBAAHHA IOJNSATAaE B TOMY, IO Ha PIi3HHUX
NISHKAX TOCAKOBOI JUCTAHINI MOBUHHI CYTTEBO 3MIHIOBATHUCS aepOJUHAMIYHI
XapaKTepUCTHKH Kpriia, Taki sk Cy(a), a oxke, 1 mossipa Cy(Cx).

3MiHM KOH(QIrypamii Ta aepoJMHAMIYHUX SKOCTeH KpHiia Ha Pi3HUX JUITHKAX
MOCa/IKOBOT JUCTaHIIi{

Howmepa nocaaxosoi
KoHOiryparii
IMapamerpuiitaka
[TonoxenHs o 0

Ad o 0
pYJISIBUCOTH 86an ASP-B -8 66an 86an 0
[Tonoxenns Ha . o . . . . o .
noramyBaqu KpI/UIi npubpani [mpudpaHi | BiAXWIEHI| BiAXWIEHI | BIAXWJIEHI | BiaXuieHi
i AHIMAITBHOT . Ao . . . . o .
CHIH LII3 | npubpani| mpubpani | BixxuneHi| BigxwieHi | BiOXHJICHi | BiIXuieHi
KyT TaHreHca jiTaka O Onoc O10pk | Oropx-Oan | Onpos Ocr
KyT aTaku Kpuia Oy Onoc aTOpK QLropk--Cmoc Ocl‘[p06 Oer
ITocanxoBa
MIBHAKICTD Vi Vioe Viopx | Vipod(ut) | Vnpod(r) | Vipod(r)
Koedimient
T HiMATE HOT CHUH Cymr | Cynoc | Cyropx | Cyropx | Cympos | Cy ((XCT)
AeponrHamiuHa
ﬂKisz K Kmax Kropx Kropx Knpos K(O(’CT)

BukopucTtaHHsS HOBUX KOHCTPYKTHBIB y KPHJIi Ta Y CTiliKaX mIaci MpU3BOJUTh
JI0 3MiHU MTApaMEeTPiB MPAaKTHYHO Ha BCIX MUITHKAX MOCAIKOBOT TUCTAHIIII.
HaBeneHo mocimipkeHHsS 1O3BOJSIIOTH ()OPMyBAaTH NPHHHATHI NapaMeTpH

MI0CaKOBOI JUCTAHIIT 3 ypaXyBaHHSIM BUMOT:

— JI0 KJ1acy aepoJpoMy 0a3yBaHHS;
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— KBawtiQikarii mIoTiB, M0 3MIHCHIOIOTH OI0OHI TOCAIKH;

— IIpH PO3poO1Li HOBUX KOHCTPYKTHUBIB, 1[0 3a0€3MeUyIOTh O€3MeKy MocaIoK
JIITaKiB TPaHCIIOPTHOI KaTeropii.

— nonatkoBi eHepretuuHi kamepu (JJEK), B amopTu3zamiifHux crifikax maci.

BBeneHHs MX HOBHX KOHCTPYKTHUBIB y CTIMKH JiTaka Majio iCTOTHUH BIUIUB
Ha BCi JUISTHKA MOCAJIKOBOI UCTAHIIIT BiJl MOMEHTY MepIIoro yaapy kodic mpo 3I1C
JI0 BKJIIFOUECHHS B pOOOTY TaJIbMiBHUX KOJIIC.

Buxopucrannss I3 y moment nepmoro yaapy npo 3IIC nozBonse
nputncHyTH JiTak 10 3I1C i 3HU3UTH piBeHb, i Yac MOBTOPHUX ITiJICKOKIB, 10 3HIKYE
PiBEHb BUMOT /10 aepoJpoMy 0a3yBaHHS Ta yacy BKIIIOYEHHS B poOOTy TalbMiBHHX
KOJIiC. A 1€ Bce CIIPUYUHSAE 3MEHIIeHHs nmoTpioHO1 mosxkuau 3I1C.

BucHoBku

VY J0omoBifi po3rJsIHYTO OaraTorpaHHy mnpooOieMy 3a0e3leucHHS Oe3MeKu
MOCAIOK JIITaKiB TPAHCHOPTHOI KaTeropii, OCKIIBKM Ha I[bOMY €Talli IOJbOTY
BinOyBaeTbCcs HAHOLTBbIIA KUIBKICTH JBOTHUX TPHUTOJ 1 HAaBiTh Karactpod 3
JIFOJICBKUMH >KEPTBAMH.

YacTkoBe BUpilIeHHS Ii€l OaraTorpaHHoi mpoOaeMu 3alpOIIOHOBAHO 3IIHCHUTH
IIISIXOM BBEJCHHS B KPUJIO Ta CTIMKHM I1aci HOBUX KOHCTPYKTHBIB, TaKi K:

— LIUTMHHI iHTepIenTopH, Y BUCYBHUX 3akpmikax (I1{13);

— noxatkoBi eHepretuyHi kamepu (JJEK), B amopTusaniitaux crifikax maci.

BBezieHHS IUX HOBHX KOHCTPYKTHBIB Y CTIHKH JIiTaka Majo iCTOTHHII BIIMB Ha
BCI JIISTHKY TTOCAIKOBOI IUCTaHII{ Bil MOMEHTY repmioro yaapy kouic npo 3I1C mo
BKITIOUEHHS B pOOOTY TallbMiBHHUX KOJIiC.

Bukopucranns 1113 y momenT nepmoro yaapy npo 3I1C 1o3Bosie NpUTHCHYTH
mitak g0 3[1C i 3HU3UTH piBeHb, 1 YaC MOBTOPHHUX IIJICKOKIB, IO 3HIKYE PiBEHb
BHMOT JI0 aepoJIpoMy 0a3yBaHHs Ta 4acy BKJIIOUEHHS B pOOOTY rajJbMiBHHX KOJic. A
1ie BCE CIIPUYMHSE 3MeHIIeHHs ToTpi6HOT noxuuu 3I1C.

BripoBamxenns nopaTkoBux eHepretnyHux kamep ([JEK) B amoprusauiiinux
cTiiKkax mIaci J103BOJsIE 3HM3UTH EKCIUTyaTalliiHe HAaBaHTaKCHHS IIPU IEpIIOMY
TopkaHHIO InTaHepa mitaka 3IIC, TOOTO 3a0e3mednTH MOCTATHIO CTATHCTHYHY
MIIHICTB 1 CTIHOK 1 arperaris, 10 SKAUX BOHHU KPITUIATHCS.

UncenpHa peaji3alis 3alpONOHOBAHMX HOBHX KOHCTPYKTHBIB IIOAO IXHBOTO
BIUIMBY Ha IIOCAJKOBY IWCTAHIIO 3MiHCHEHA HA TNPHKIAAI MOCAIKH JITaka 3
napamerpamu BiactuBuMH AH-178. TectoBa amnpo0ailisi OTpUMaHHUX pe3yJbTaTiB Ha
BiliCbKOBO-TPaHCIIOPTHOMY JIITAKy 3 IOCAJKOBOIO Macoo 27T okasana, 1o notpioHa
nomxkuna 3I1C s foro perymsipHOi Ta 6e3meyHol eKcIuTyarailii mokpamieHa Ha 343
M, TOOTO TaKWil JIiTak MOXeE YCIIIIHO €KCIUTyaTyBaTHUCS Ha aepoapOMax HIKYOTro
KJIacy, 10 MOKpalllye oro KOHKYpeHTOCIIPOMOXKHICTb.
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Temperature-dependent fatigue phenomena in EVA encapsulant under
mechanical load.

The film of ethylene vinyl acetate (EVA) being an integral part of Si-based solar
photovoltaics is subjected to the fatigue load while operation. The reason is found to be
the irreversible processes of the nanocrystal unravelling of nanocrystalline particles of
polyethylene fragments.

1. Introduction

The co-polymer of ethylene vinyl acetate (EVA) consists of two polymers of
polyethylene and poly-vinyl acetate (polymer with vinyl acetate unit — VA) [1].
Meanwhile, this definition is rather formal, and as a matter of fact, the EVA molecule
is a long polyethylene chain with acetate side groups randomly distributed along the
main skeleton in proportion which depends on the percentage of the VA component
[2]. The latter makes the EVA co-polymer to be a unique material with adjustable
rheological properties determined by two parameters: the VA content and the curing
level (the ratio of cross-linking between adjacent acetate groups). Thus, the
mechanical behavior of EVA can vary from that of resins (low VA %) to elastomers
(high VA %), and curing (vulcanization synonym — the intentional thermal treatment
at the presence of a curing agent) renders additional elasticity and strength, which
makes this material to be applied in many fields: medicine, automotive and consumer
goods industry [3-5] and others. The EVA with 28 — 33 wt. % of VA is an appropriate
material for encapsulation of solar photovoltaic modules [6]. It has been used since
early years of PV era due to successful combination of both rheological behavior and
commercial practice. Despite a numerous disadvantages and challenges associated
with its application, EVA foil still remains the most requested encapsulant material
dominantly because of the relative ease of the existing technology and some inertia
inherent to an industry in general. Anyway, once PV modules don’t live the declared
service time in accordance with standards (25 years with the minimal loss of
performance as to IEC 61215 standard [7]), the challenge becomes more and more
evident — the “bottle neck reason” is the degradation of the encapsulant material [8]
due to fatigue while operation in severe environment under complex synergistic
impacts of UV, temperature and mechanical stresses (due to thermal expansion
mismatch between the components of cover glass, silicon wafer and encapsulant
embedded between them. This problem needs thorough study and finding solutions in
many aspects such as: i) revealing the whole spectrum of the degradation mechanisms;
ii) looking for alternative materials or modification of existing ones; iii) developing
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effective testing techniques able to make a brief diagnostic of the life time in order to
range new materials to select the as alternatives.

This is the objective of our research to develop such express techniques based
on the mechanical testing in the first turn [9]. The initial research revealed that existing
models of the EVA aging (based mainly on oxidation due to not sufficient Oxygen-
blocking functioning of the encapsulant) should be supplemented with additional
understanding mechanistic mechanisms which is equally important as well. The
mechanical testing along with the results of other techniques such as nuclear magnetic
resonance (NMR) and differential scanning calorimetry (DSC) make it possible to
outline our approach with additional experimental evidences.

2. Experiment

Samples and tensile testing. The PV encapsulant foil of EVA was purchased
from a commercial supplier [9]. Initially the rectangular fragments of the foil were
cured in oven at 135°C temperature in the camera for 16 minutes. Then the samples
for mechanical testing were cut from the cured work pieces with special cutting profile
in accordance with 1SO 37 standard [10] describing the sample geometry as shown on
Fig. 1. inset. The EVA specimens were studied at various temperatures (around a room
temperature in the range of 16 — 27.5 °C) using electromechanical test machine
HOUNSFIELD (now Tinius Olsen), HSKT model. The tensile rate was 50 mm/min.
The stress-strain dependences are presented in terms of F/Ao vs. eeng=0G/Go, where F
is force value, A, is the sample cross-section area (A4, = 3.6 mm?); Eeng 1S
engineering strain defined as the ratio of relative displacement of the grasps 8G to G,
the initial distance between them (G,=65 mm).

DSC. The EVA samples of the form of small strips were studied by
NETZSCH 404 F1 Pegasus equipment for differential scanning calorimetry (DSC).
The probes of ~20 mg were scanned in the camera with pure helium at 5 °C/min rate
of both heating and cooling. Preliminary measurements were performed at various
heating/cooling rates of 20 and 10 °C/min to choose an optimal condition for the
analysis. The whole temperature range of scanning was from room temperature to 200
°C. The measurement data were treated with purposeful software of NETZSCH
Proteus Thermal Analysis. The samples analyzed with the DSC were strips of uncured
EVA encapsulant. Each sample was subjected to a two-fold heating/cooling cycle to
determine the background (basis) line with its subsequent subtraction from the test
curve.

'H NMR broad line spectra. The spectroscopy of broad NMR lines is used to
study activity of mobile polymer chains [9]. NMR spectra of samples in solid state are
usually broad lines unless special techniques are applied. The existence of narrow
components points to the presence of mobile segments, whereas usually the same
material in a solution, for instance, has narrowed spectral components as compared
with its spectrum for the solid state. We used this approach to analyze the influence
of temperature on the broad band *H NMR spectra of cured EVA samples measured
with Bruker Avance 400 NMR spectrometer (9.4 T magnetic field) at 400.130 MHz
(*H) frequency. The temperature was varied in situ within 302 — 362 K in both
directions of heating and cooling to reveal the changes induced by the temperature

63



activated release of individual chain fragments and to monitor the reversibility of this

process.
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Figure 1. a) The series of the stress-strain dependences at various temperatures;
b) The zoomed-in fragment highlighted as red rectangle in the left
bottom corner on fig. (a). Inset. The sample shape and testing force
geometry.

3. Results and Discussions

Fig. 1 presents the data of the tensile testing of the cured EVA samples at
various temperatures. They demonstrate rather strong dependence on the temperature
variation even at a small range of several kelvins, the whole range being 11.5 °C which
corresponds to only 1 meV energy, whereas the stress at 600% strain differs in more
than 3 times. We studied the stress dependence on the temperature at various values
of the strain. Figs. 1b and 2 are illustrations to the procedure as applied to small range
at the initial segment of the whole load curve (fig. 1 b) corresponding to the elastic
deformation and marked as the small red rectangle. Two values of the strain are taken
as examples (1.2% and 6.2%, dotted line outlines the “bundle” of curves each
corresponding to some temperature value. Thus, as an example several dependences
were plotted on fig. 2, with the lowest one relating to 1.2 % strain and the upper being
associated with 6.2% strain. These dependencies are approximated well with straight
lines which intersect with T-axis at various points (we call them Tun — unraveling).
Fig. 3 contains the dependence of this cut-off temperature (Tun) On the engineering
strain e,,4 for the whole range of the load curve (fig. 1a). For the sake of simplicity,
the series presented on fig. 2 is restricted by the initial elastic region (fig. 1b), whereas
the whole set of data from the stress-stain characteristics on fig. 1a is much more
enormous which allows for plotting the Tun — &.,,4 dependence thoroughly with high
resolution. However, even this selected set presented on fig. 2 is illustrative enough
to reveal two specific features: i) the lines tend to converge to one point (so called
“pole”); ii) the line extrapolations intersect temperature axis. They represent the
bunch of curves with the pole (the point where they mutually intersect). The former
has a sense which is not easy to interpret, since the “pole” point accounts for negative
values of stress. In contrary, the intersection point (the latter case) has rather clear
meaning as a temperature corresponding to the condition of free transformations
which carry out with zero stress once a certain level of strain is reached. The DSC
data (fig. 4) complements our assumption about what kind of transformations it could
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be. Fig. 4 presents the heating run. It contains multiple endothermic peak correlated
with a thickness distribution of polyethylene nanoparticles (lamellag) [11] and
represent the melting zone of the nanocrystals. After curing this peak remains as a
broad shoulder from ~30 °C to 80 °C, which confirms the model of the nanocrystal
size dispersion.
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Figure 2. The stress — temperature Figure 3. Dependence of the cutoff
dependences reconstructed with the temperature (unraveling temperature)
data of fig. la at various values of &, defined as intersection of F/Ao— T
within 1.2 — 6.2 % range dependences with abscise axis on fig.
2.
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Figure 4. DSC scan after the subtraction of the residual DSC measured during the
second scan. (exo — upward).

The larger the crystal the higher is the melting temperature. The nanocrystal
in question is not a crystal in a common sense. It is rather the linear polymer chain
folded multiple times and fixed by a collective van der Waals interaction (fig. 5, inset).
The process of melting is associated with destroying this interaction. The mechanical
load facilitates the melting process. Conversely, the temperature increase stimulates
the destruction of the nanocrystals under mechanical stress, which can be compared
with unraveling of knitted sweater, when the yarn is released easily once a small effort
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is applied. The bunch of lines in fig. 2. is consistent with this “unraveling” concept,
with increased unraveling temperature. However, at higher deformation levels this
dependence becomes non-monotonous (fig. 3) with the characteristic maximum
which is, likely, reflects transition point between two modes of loading [2 ,9]: | -
deformation mode; Il — fracture mode. They are illustrated schematically in fig. 3,
inset. Actually, the function of Tun (g.y,4) is the superposition of several factors, one
of which, the most principal one, is the above dispersion of the nanocrystal size. It is
a matter of a separate paper to study the relation between the Tun (£.r4) dependence
and the crystal size distribution.

t IR
i} T (VN
__rrLrU .| JH,_ =5 = !‘ -
e b A he
Heating
Coalng
JN2K(30C -
302 K (24°C) )
T - T = _T
15 10 5 0

Chemical shift [ppm]
Figure 5. The series of the *H NMR broad lines at various temperatures measured
during heating to 362 K and subsequent slow cooling down. Inset. Schematic
illustration of unraveling of the PE quasi nanoparticle.

'H NMR spectroscopy of broad lines is one more technique facilitating our
understanding of the underlying mechanisms of the unraveling concept. The
advantage of this experimental approach consists in using the NMR spectrum of a
solid sample as it, is in contrast to application of rather sophisticated methods of line
resolution [12]. But the solid state spectra of NMR are always widened by their nature.
The lines become narrower with temperature increase (fig. 5), which is the evidence
of the enhancement of the molecular fragment activity. The spectra measured at
various temperatures were reduced to the same integral intensity (the area under the
curve is unity for all spectra). The temperature increase demonstrates clearly the
tendency of the resolution amelioration. In particular, the broad featureless band at
302 K (29 °C) with far extending tails from both sides acquires the bel-like shape at
312 K which is then transfer into the shape with sharp peak at 322 K and further into
two-peak feature at 342 K. Hence, the broad line spectra follow the melting process
with subsequent release of the polymer fragments of more and more crystals involved
in the process with temperature increase. The reverse run (cooling from the highest
temperature of 362 K) reveals some hysteresis, i.e. the spectra do not coincide with
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those measured at the same temperature at the heating run (dashed lines vs. solid lines
in fig. 5). The return to the initial 302 K temperature demonstrates major discrepancy
both by width and spectral profile (the spectrum after return run is downfield shifted
as compared with initial one). In terms of our knitting analogy (fig. 5, inset), it looks
like sweater, once being unraveled, remained in this state (the entropy wins). Though
the polymer molecules are permanently in thermal motion looking for the proper
configuration, and this is what distinguishes them the knitting yarn. This is
temperature as well as the cooling rate that determine the final state of the moving
molecules and time constant of the process of their capturing into the collective
periodic nanostructure. The competitive factor which suppresses the above
recrystallization is the mechanical stress which inevitably appears in an intermediate
layer embedded between two solid media once temperature varies if their coefficients
of thermal expansion (TCE) differ. This is what happens in Si-based solar
photovoltaic modules. There are three uppermost components (in order they meet
solar beams): cover galss, EVA encapsulant and Si wafer with their TCE listed in
table 1.

Table 1.

TCE values for the key uppermost components of the Si PV module.

No. Component Role in PV module TCE [10°%/°C] Source
1. Cover glass Protect against 8-+9 [14,15]
mechanical damage
2. EVA encapsulant Prevent from 160200 [16]
entering air and
humidity
3. Si wafer Functional element 2+3 [15,17]
Conclusion

The load — strain dependences measured for EVA encapsulant material are
strongly influenced by the ambient temperature, which should be kept in mind while
analyzing the data of tensile testing. The main mechanism responsible for such
tremendous thermal sensitivity of the material rheology is the existence of the
polyethylene quasi-nanocrystalline particles (lamellae) which act as “internal grips”
which transfer the external load to the polymer molecules directly. The synergetic
impact of temperature and stress causes the process similar to unraveling, which can
be described as releasing the molecular segments of polyethylene from the
nanocrystals. The stress makes this process irreversible so that the system does not
return to its initial state after cooling. The unraveling can proceed without the stress
if the temperature riches the melting point or, in other words, unraveling temperature
— Tun. This parameter is derived from the series of the stress-strain curves measured
while tensile testing at various temperatures within 16°C — 29.5°C. The value of Tun
is determined as the intersect of linear interpolation of the above data in stress vs.
temperature terms at fixed strain each. The resultant Tun(geng) function reflects the size
dispersion of the PE nanocrystals. This model is in proper consistency with DSC data
and 'H NMR spectra measured at various temperatures. The latter series of
experiments demonstrate hysteresis at heating-cooling runs, which is the evidence of
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the unraveling process during the melting, and in addition, that this process is
irreversible at some time scale. Thus, simultaneous impact of temperature and stress
is able to cause the fatigue phenomena within the EVA encapsulant. The main
challenge to be overcome for better characteristics of PV solar modules, in particular
to extend their service life, may include three basic points: 1) to find materials with
similar functions and close values of TCE; 2) to block the unraveling process via
incorporating some chemical radicals capable to keep the nanoparticles from melting;
3) to avoid crystallization as a principal origin of the rheological irreversibility of the
EVA encapsulant.

Conflict of interest statement

There are no conflicts of interest to declare.

Acknowledgement

This project was supported by National Academy of Sciences of Ukraine
(Grant No. 0121U107569) and COST Action CA23109 (FABER).

References

1. Kislyuk, V., Shyvaniuk, V. & Kotrechko, S. (2024). Creep lifetime of ethylene
vinyl acetate co-polymer film after pre-load relaxation. Preprint Research Square, 1
April, https://doi.org/10.21203/rs.3.rs-4171360/v1

2. Kislyuk, V., Shyvaniuk, V. & Kotrechko, S. (2025). Creep lifetime of ethylene
vinyl ace tate co-polymer film after pre-load relaxation. Polym. Bull. 82, 1499-1530.
https://doi.org/10.1007/s00289-024-05567-5

3. Aitola, K., Sonai, G.G., Markkanen, M., Kaschuk, J.J., Hou, X., Miettunen, K.,
Lund, P.D. (2022). Encapsulation of commercial and emerging solar cells with focus
on perovskite solar cells. Sol Energy, 237,264-283.
https://doi.org/10.1016/j.solener.2022.03.060

4. Bianchi, 1., Forcellese, A., Simoncini, M., Vita, A. (2023). Mechanical
characterization and sustainability assessment of recycled EVA for footwears. Int J
Adv Manuf Technol, 126, 3149-3160. https://doi.org/10.1007/s00170-023-11332-1

5. Schneider, C., Langer, R., Loveday, D., Hair, D. (2017). Applications of
ethylene vinyl acetate copolymers (EVA) in drug delivery systems. J Controlled
Release, 262, 284-295. https://doi.org/10.1016/j.jconrel.2017.08.004

6. Hirschl, Ch., Biebl-Rydlo, M., DeBiasio, M., Miihleisen, W., Neumaier, L.,
Scherf, W., Oreski, G., Eder, G., Chernev, B., Schwab, W., Kraft, M. (2013).
Determining the degree of crosslinking of ethylene vinyl acetate photovoltaic module
encapsulants—A comparative study. Sol. En. Mater. Sol. Cells. 116, 203-218.
https://doi.org/10.1016/j.s0lmat.2013.04.022

7. Yang, H.E. (2019). Overview: Durability and Reliability of Common PV
Module and Polymers/Materials. In: Yang HE, French RH, Bruckman LS (eds.)
Durability and Reliability of Polymers and Other Materials in Photovoltaic Modules
(pp. 23-45), Elsevier https://doi.org/10.1016/B978-0-12-811545-9.00002-1

68



8. Riedl, G., Haselsteiner, P., Sickl, G., Wallner, G.M. (2024). Environmental
fatigue crack growth of PV glass/EVA laminates in the melting range. Prog.
Photovolt. Res. Appl. 32, 623-635. https://doi.org/10.1002/pip.3800

9. Kislyuk, V.V., Shyvaniuk, V.M., Trachevskij, V.V., Ostapyuk, S.M.,
Polushkin, Yu.A., Kotrechko, S.0. (2022). Mechanical properties of the encapsulant
material for photovoltaics, J. Mater. Sci. 57, 21117-21134
https://doi.org/10.1007/s10853-022-07900-7

10. Rabek, J.F. (1995). Experimental methods in polymer degradation. In Polymer
Photodegradation. (pp. 433-598). Dordrecht: Springer. https://doi.org/10.1007/978-
94-011-1274-1_10

11. Stark, W., Jaunich, M. (2011). Investigation of Ethylene/Vinyl Acetate
Copolymer (EVA) by thermal analysis DSC and DMA. Polymer Testing 30, 236—
242. https://doi.org/10.1016/j.polymertesting.2010.12.003

12. Kim, E., Choi, S.S. (2015). Comparison of vinyl acetate contents of
poly(ethylene-co-vinyl acetate) analyzed by IR, NMR, and TGA. Elastom. Compos.
50(1), 18-23. https://doi.org/10.7473/EC.2015.50.1.018

13. Polansky, R., Pinkerova, M., Bartiiikova, M., Prosr, P., (2013). Mechanical
behavior and thermal stability of EVA encapsulant material used in photovoltaic
modules, J. El. Eng., 64(6), 361-365. https://doi.org/10.2478/jee-2013-0054

14. Fluegel, A., (2005) Thermal expansion measurement of glasses.
https://glassproperties.com/expansion/ExpansionMeasurement.htm

15. Novikova, S.1. (1966). Thermal Expansion. In Semiconductors and
Semimetals, 2, 1966, Pages 33-48

16. British Plastics Federation,
https://www.bpf.co.uk/plastipedia/polymers/EVA.aspx

17. Integrated Microfabrication Lab. Electrical and computer engineering.
https://cleanroom.byu.edu/cte_materials.

69



UDC 620.197.6(045)

O. Karuskevych, PhD, V. Korchuk
(State University “Kyiv’s Aviation Institute”, Ukraine)

Effect of Surfactants on the Fatigue Behavior of Aluminium Alloys

Liquid compounds used in aviation for different purposes are considered as substances
influencing metals fatigue behavior. The impact of oleic acid, Corrosion Preventive
Compounds and greases, which are supposed to have surfactants in their composition
have been studied. Fatigue tests have been conducted at the stress levels close to those
in service. Fatigue lives were accepted as criteria of the surfactants influence on metals
physical state.

1. Introduction

The paper is focused on the effect of the oleic acid, contemporary Corrosion
Preventive Compounds (CPCs) and greases on metal fatigue. These materials belong
to the category of surface active agents (surfactants), widely used in contemporary
machines and mechanisms.

CPCs may include: an oil, grease or resin based film former, a volatile, low
surface tension carrier solvent, a non volatile hydrophobic additive and various
corrosion inhibitors or surface active agents [1]. The main components of Ardrox
AVS8, for example, are: 1,1,1,2-Tetraflouroethane; Hydrotreated heavy naptha;
1-Methoxy-2-propanol, aliphatic mineral spirits [2]. CPCs were invented and have
been used recently to ensure long and safe service life of the aircraft by the reduction
of harm effects of environment. Effects of CPCs application are studied by different
methods [3-6] the corrosion suppression is referred to as protection factor (PF),
calculated by comparing the averaged weight loss for samples that had no CPC
treatment to the weight loss for a specific CPC.

One of the CPCs attractive features is a possibility to penetrate into the gaps
between the components, for example between the stringers and skin of the aircraft,
and to push out the moisture [7]. Unfortunately, there are some researches which
revealed unexpected and undesirable results of the CPCs penetration into the gaps of
airplane structure.

2. Early observed side effects of Corrosion Preventive
Compounds application

In the work [8] specimens of the lap riveted joints of aluminium alloy sheets
where tested in different environment. The use of an oil-based penetrant reduced the
fatigue endurance to 33% at high stress and to 50% at low stress. In the work [9] two
different CPCs, one oil-based, and one a soft-waxy CPC, were investigated. The
influence of CPCs has led to reduction of the fatigue life. It was concluded that
application of CPCs probably reduced the friction at the faying surface of joints.
Fatigue behavior of the riveted joints of aviation application was studied also in the
works [10-12].
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Taking into account the role of friction in the CPCs influence on riveted joints
fatigue, original method for the assessment of friction between the elements of riveted
joints has been developed [13].

Effect of the fatigue life reduction can be caused also by the influence on the
process of the fatigue crack propagation [14]. Moreover, possible detrimental effect of
CPCs on fatigue life can be comparable with its beneficial effect in protection against
corrosion.

The impact of surfactants with emphasize on CPCs on the initial stage of the
metal fatigue recently has not been studied yet. One of the first experimental attempts
in the field is considered below.

3. Materials and methods

Metal fatigue process includes two main periods: a) initiation of the crack, and
b) fatigue crack propagation. The total number of cycles to failure can be considered
as preliminary general characteristic of the process.

The clad aluminum alloy D16AT (analogue of the 2024T3) was selected for
the tests as material widely used for aircraft skin manufacturing. Specimens for
loading by bending were made of the sheets with thickness 1.0 mm and had stress
concentrator as a hole of 1.0 mm diameter.

The following variants of the environment were considered:

a) Loading in laboratory air; b) loading after the treatment by CPC ARDROX AVS;
c¢) loading after the treatment by commonly accepted surfactant in the form of 0.2%
oleic acid dissolved in the glycerol; d) loading after the treatment by penetrant LPS-
2; e) loading in the petrolatum.

ARDROX AVS is a penetrating, water displacing, corrosion inhibiting
compound.

Oleic acid (cis-9-octadecenoic acid CHs(CHz2)7CH=CH(CH2)7COOH is
monounsaturated fatty acids. Oleic acid is a traditional surfactant in the study of the
Rehbinder effect. Glycerol is used as a solvent of oleic acid.

LPS-2 is multi-purpose lubricant and penetrant with corrosion protection.

Petrolatum is a mixture of mineral oil and solid paraffin hydrocarbons. It does
not saponify alkalis, does not oxidize, does not rancid in the air and does not change
under the action of concentrated acids.

Fatigue tests have been conducted by the cyclical bending at the maximum
stress 180,0 MPa, stress ratio K = 0; frequency 25 Hz.

4. Preliminary results of the surfactants and CPCs effects study

All fatigue lives of specimens treated by oleic acid, corrosion preventive
compounds, petrolatum, as well as without treatment, belong to the range of cycles
105—2 x 105. In each group 5 specimens have been tested. The fatigue cracks initiated
and propagated from the 1,0 mm hole as a stress concentrator. The computer aided
analysis of the specimens surface revealed the formation and monotonic evolution of
the surface relief. Results of the fatigue tests are shown in table 1.

Results obtained by the described experiments reveal detrimental effect of the
metal contact with air: these tests provide the minimum fatigue life of the specimens.
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At the same time covering of the specimens by the compounds containing oily
component creates the protective layer against the air oxygen impact on fatigue
process. The strongest protective effect has petrolatum.

Protective effect of the oily substance becomes slightly less for the substances
containing surfactants; these are solution of oleic oil, ARDROX AV-8, LPS-2.

Table 1.
Reduction of the fatigue life due to the environment (compared with petrolatum
surrounding)

Ambient Dry Air ARDROX LPS-2 | Oleic acid | Petrolatum
conditions AV8 solution
Cycles to 114 750 159 500 133000 145 800 180 500
failure,
average
Reduction of 36,4% 11,6% 26,3% 19,2% -
the average
life

Computer aided analysis of the surface deformation relief was aimed to reveal
surfactants influence on the initial stage of the fatigue. Accelerated growth of the
deformation relief due to the Rehbinder’s effect was not found. The difference in the
intensity of the deformation relief after 60000 cycles is negligible; it is in the range of
43-46%. Thus, the only factor of the surfactants influence is their impact on the fatigue
crack propagation stage.

Conclusion

The observed effects offer preliminary insights into the mechanism by which
surfactants influence fatigue damage in alclad alloys.

1. Dry air should not be used as a reference point for comparing fatigue lives,
since air itself is a complex mixture of substances that influence metal behavior under
mechanical loading. The lowest fatigue lives had the specimens tested in the dry air
of the laboratory.

2. The biggest fatigue lives have the specimens covered by the layer of petrolatum.
This substance plays the role of barrier for the environment.

3. Analysis of the deformation relief intensity have not revealed the influence on
the initial stage of the fatigue, but taking into account the visible difference of the
fatigue lives, the effect of surfactant on the fatigue crack propagation stage is
suggested as highly probable.

Obviously, mentioned effects require more targeted detailed investigation in
statistical aspect; attention should be drawn to both initial stage of the fatigue and
crack propagation.
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VK 629.7.017.1

O.I'. Jliciyun, acnipanm, FO.1. bondap, k. m. H., doyeHm
(KIII im. leopsa Cikopcvkozo, Ykpaina)

liopuane MalIMHHe HABYAHHS 1J151 IPOrHO3YBAHHSI BTOMHOTO pecypcy Aerasei
aBianiiiHol TexXHiKH

3anpononosano 2i6puonull nioxio, wo NOECOHYE MAWIUHHE HAGYAHHSA MA (DI3uYHI
NpUHYUNU 0151 NPOSHO3YBANHS 6MOMHO20 pecypcy Oemaaell agiayiliHoi mexHiKu 3a YMOo8
HenosHux Oanux npo mamepianu. Memooonozis do3eonac oyiniosamu napamempu
6MOMHOI  MiyHocmi ma pocmy mpiwuHu Ha OCHOGI 0OMedxceHOi IHGopmayil,
3abe3neuyiouu QisuuHy y32000iCeHiCMb pe3ylbmamie ma 3MeHulyiouu nompeoy y
KOUWIMOGHUX eKCNepUMEHMAXx.

[onmorxeHnHss pecypcy Ta ceprtudikamis MoaudikoBaHUX (JOZATKOBHI
cepTudikaT TUIY) HOBITPSHUX CyJCH TPAHCHOPTHOI KaTeropii 4acTo CTUKAIOTHCS 13
KIIIOYOBOIO MPOOJIEMOI0 —  BIACYTHICTIO TOBHHX JaHUX IIOJO0 BTOMHHX
XapaKTepUCTHK Ta [apaMmeTpiB pPOCTy TPIIMHK IS  MarepiaiiB, IO
BUKOPHCTOBYIOTBCSI NP PEMOHTI YW KOHBepcii (HampHKiazi, mapaMeTpH pPiBHSIHb
Bonkepa, Ilepuca ta NASGRO). TpaaumiiiiHe nporHo3yBaHHS, 3aCHOBaHE Ha
«IH)KEHEPHOMY pO3CYHy» Ta CXOXOCTi CTATUYHHX BJIACTHBOCTEH, NPH3BOJHUTH IO
3HAYHHUX MOXUOOK y BU3HaueHHI iHTepBaiiB orssay [1, 6]. Xoua «uucti» data-driven
MiAXOOW, Taki AK MamuHHe HaB4aHHS (MH), meMOHCTPYIOTH MOTEeHmiaN, IXHS
MIPHUPOAA «IOPHOI CKPHHBKI Ta BIICYTHICTH (Pi3UYHOI Y3TOHKEHOCT] YCKIAAHIOIOTh
ceprudikanito [4]. Ilapagurma TiOpUAHUX MoAeNel, IO MOEAHYIOTH (i3UUHI
npunimny ta gaHi (HPDM), npomoHye BupileHHS OUIIXOM iHTerpamii (ismaHux
3HaHb 13 MOTYXHICTIO aHUX [5], 0 € 0COONMBO aKTyaJlbHUM B YMOBax Aedinury
JaHUX.

Meroto JociipKkeHHsT € po3poOka Ta Baijalis riopuaHoro (GppeliMBOpKY
MAaIIMHHOTO HaBYaHHS I MPOTHO3YBaHHS BTOMHOTO peCypCy Ta IapaMeTpiB pocTy
TPIIIMHA EJIEMEHTIB KOHCTPYKLii TOBITPSHUX CYyICH, KONM TIOBHHH HaOip
BJIACTHBOCTEH Marepiany € HeBiJOMUM.

B poborti [7] po3risHyTO MpaKTHYHUHA BHITAJOK MOUIKOIKEHOT KOPO3i€ro
MaHeNi miaci, e Marepial 3aMiHH Ma€ BiJIOMi CTaTWYHI BIIACTHBOCTI, ajie HEBiIOMi
BTOMHI XapaKTepHUCTHUKH. TMPOBEACHO KiacH(DIKaIlilo Ta TMOPIBHAIGHHNA aHai3
anroputMiB mtyyHoro inTenekty (ILI), npuaatHux i po3B's3aHHs 3a1a4i B yMOBaxX
4acTKOBOT HEBM3HAYEHOCTI BJIACTMBOCTEH MarepiaiiB Ta 3alpOIOHOBAHO MPOLEC
nindopy mapamerpiB MaTepiany 3a JIOMOMOIOI0 aJrOPUTMIB HITYYHOTO iHTENEKTY i3
¢byHKUiero Baminamii JaHUX, OTPUMAaHHX 3a JOMOMOrOI0 AITOPHTMIB perpecii Ta
knacudikaii, JaHAMH OTPUMaHNMHK 3a JONOMOrok Heipomepexi (Puc. 1).
3anporoHOBaHUH MiJXi MPOBOAUTE 3BIPKY Ta BANIJAIIO JAHHUX i3 3aCTOCYBAHHAM
ITTHOOKUX HEHPOHHUX Mepexk SK eTAJIOHY BHCOKOI TOYHOCTI, ajie HE BPAaXOBYETHCS
CHUTYyallis, KOJIH pe3yJbTaTH poOOTH airoputmiB perpecii/SVM He 30iratorscs 3
pe3yibTaTaMu HelpoMepeKi.
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Puc. 1. Brok-cxema pobouoro mporecy [8]

Hapa3i 3au1s1 3a6e3neuenHs (i3snaHOi y3rouKEeHOCTI B rporiec HapyaHHs MH
3aIpONOHOBAHO BOYIOBYBaTH OOMEXEHHS, 1110 BUILTHBAIOTH i3 MEXaHIKH pYilHyBaHHS,
mTpadyrodd MPOrHO3H, 10 NOPYIIYIOTh (pyHIaMEeHTalbHI 3aKOHH.

OcTaToYHO 3anpoNOHOBaHUN MeTOo] BKIItoYaTiMe (Puc. 2):

1. CrpykrypyBaHHS Ta monepeans o0pooka nanux: Koncomigamnis Habopy JaHuX 3
aBTOpHUTETHUX xepen [1, 2, 6], o0 MICTHTh CTaTW4HI BIIACTUBOCTI (Mexa
IUIMHHOCTI, Me)Xa MIIHOCTi), XIMiYHMH CKJajJ Ta HapaMeTpu BTOMH (KpHBI
Benepa, piarpamu MIBHIAKOCTI pOCTY TPILIMHMN) AJI Pi3HUX aBialliifHUX CIUIaBiB.

2. Po3zpoOka ribpumHOT MoJieni: BAKOPUCTOBYETHCS ABOPIBHEBHH MiAXi/:

2.1. Pisens 1 (InTepmperoBaHi MoJeni): BUKOPHUCTaHHS MHOXKHHHOI JIiHiITHOT
perpecii Ta MeToy OmOpHUX BeKTOpiB (SVM) s CTBOpEeHHS IPO30poi,
iHTeprpeToBaHoi 0a30BOI MOJENi MPOTHO3YBaHHS HEBIJOMUX BTOMHHUX
rmapaMeTpiB Ha OCHOBI BiJOMUX (Pi3UYHHX BIACTHBOCTEH.

2.2. Pieenp 2 (3Bipka Ta BaJijamis): 3aCTOCYyBaHHS TNIMOOKHMX HEHpPOHHMX
mepexx (DNN) sk eramoHy Bucokoi TtouyHocTi. IIpornozu DNN
BUKODHUCTOBYIOTBCA ~ JUIA  Balijauii Ta  YTOYHCHHS  pPe3yJbTaTiB
IHTEPIPETOBAHUX MOJENeH. AHaji3 BaXJIMBOCTI O3HAK (HANpPHKIA,
SHAP) 3actocoByeThCsi 10 000X THIIB MOJAENEH M ITiBHUIICHHS
3pO3YMLIOCTI.

3. @ymkuis BrpaT 3 ypaxyBaHHAM ¢i3uku: Jlng 3abesnedeHHs (izuaHOT
y3rojpkeHocTi B mporec HaBuaHHS MH BOymoByIOTBCS OOMeEXEHHs, IO
BUIUIMBAIOTH 13 MEXaHIKH pyHHYBaHH, ITPady0dn IPOTHO3H, SKi IOPYIIyIOTh
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¢ynnameHTanbHI (QIi3MYHI 3aKOHM (HANPHKIAA, BiI'€MHI IMIBUAKOCTI POCTy
TPIIUHM).
TaxuM 4uHOM, SIKIO HEHpOMepeka Ta perpecist Jaau ONU3bKUi pe3yabpTaT —
LIe CHJIbHMIT apryMEeHT, poO0Ta allrOPUTMY NPUIMHAETHCA. SIKIIO Hi — IPOBOIUTHCS
aHaJi3 MPUYKH, JUTs 40T0 IIaHyeThest BukoprcToByBati MeToa XAl (Explainable Al),
HaINpUKIIaJ, aHali3 BaxxauBocTi o3Hak (Feature Importance) must niHilHOT Mofemi abo
SHAP/LIME nns Hefipomepexi, Al IeMOHCTparii, ski (i3H4Hi IapaMeTpu
HaWCHJIbHIIIE BIUTHHYJIM Ha IPOTHO3.
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BucHoBku

1. CdopmoBaHo cTpyKkTypoBaHuii minxix mo 3acrocyBanHs LIl jmns
HPOTHO3YBaHHS BTOMHOT'O PECYpCy KOMIIOHEHTIB JIiTaka B yMOBaX HEBH3HAYEHOCTI
BJIACTHBOCTEH MaTepialiB.

2. 3ampomoHoBaHO TribpumHHMK  (QpeliMBOPK  MAIIMHHOTO HAaBYaHHI 3
iHTerpai€eo Qi3MYHUX MPUHIUITIB, IO BUKOPUCTOBYE SIK IHTEPIIPETOBAH] AITOPUTMH
(sminiitaa perpecis, SVM), tak i notyxui DNN, BasigoBaHi ogHa IPOTH OJHOT.

3. 3anpomoHOBaHMI METOJ Mae Ha MeTi MIHIMi3yBaTH HEOOXiJHICTh Y
NPOBE/ICHHI KOIITOBHUX CTEHAOBUX BHIIPOOYBaHb Mij yac Moaudikanii Ta KoHBepCil
niTaka, NPUCKOPHBIIN Tporec cepThdikaii mpu 30epekeHHI HEeoOXiqHOTO pIBHA
6e3neku Ta Gi3UUHOT Y3roIKEHOCTI.
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Fatigue crack growth behavior of Al alloy AA2050-T84 under miniTWIST and
miniFALSTAFF loading

The main aim of this paper is to present a discussion about fatigue crack propagation
behavior under flight load of AA2050 T84. For the experimental procedure, an M(T)
specimen was used and submitted under miniTWIST and miniFALSTAFF flights. The
results showed that specimens fractured with the same crack size but under different
cycles.

Keywords: Al-Li alloy, fatigue crack propagation, flight simulates loading.
1. Introduction

The development of lightweight alloys, which exhibit good mechanical
strength and fracture toughness, is crucial for designing aircraft, as it significantly
impacts size and fuel consumption. Moreover, fatigue is the primary issue that affects
the aircraft's structure. The load interaction, specifically the loading sequence,
promotes changes in the crack tip that affect fatigue crack growth. For the last four
decades, experiments, models, and alloys have been developed to understand fatigue
as a phenomenon and to characterize new alloys under cyclic loading(Mikheevskiy et
al., 2013; Newman, 1984; Newman et al., 2015, 2014; Newman Jr, 1997; Schijve,
1973, 1988, 2003; SIEGL et al., 1991). The AA2050 T84 presents good mechanical
strength, fracture toughness, Young's modulus, corrosion resistance, and fatigue crack
propagation resistance (N Eswara Prasad et al., 2003) Lithium has a particular aspect:
each 1% of Li decreases 3% alloy weight (Jata et al., 2014).

2. Material and Methodology Information

AA2050 alloy used for this research was received in the form of 800 x 550 x
50 mm laminated blocks. Table 1 describes the composition, which is in accordance
with SAE AMS 4413. Table 2 shows the tensile and fracturing toughness properties
obtained at room temperature.

Table 1
Tensile properties in L direction, and Kic in L-T direction
ou(MPa) oy (MPa) E (GPa) Kic (MPa.\m)
511 472 75 41.9
Table 2

Composition (wt%) of AA 2050 T84 alloy.

Li Cu Mg Mn Zr Ag  Si Ti Fe Zn Al
0.87 3.54 031 037 0.08 0.37 0.03 0.03 0.06 0.02 Base
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A fatigue crack growth under constant amplitude loading was previously run
to pre-crack the samples as follows: R=0.1, £=20 Hz, and K = 10 MPa - m*2. The
flight loadings were simulated using Genesys for Fatigue software. Mini TWIST was
simulated under 55 mean stress, and Mini FALSTAFF under 200 maximum stresses.
The M(T) specimen was machined in dimensions 244x100x4mm in the L-T
orientation (crack plane perpendicular to the rolling direction). The specimen surface
was sanded, followed by polishing to reduce roughness, which provides a better
visualization of the crack. Figure 1 shows the details of M(T) and the sensors used for
this investigation.

Figure 1: M (T) specimen for fatigue testing and sensors selected for monitoring
strain and crack growth. In (a) dimension of sample and distance between strain
gages, (b) llustration of M(T) specimen clamped, and wires fixed on the surface for
electrical potential difference measurement for crack size determination, (c) M(T)
samples after fatigue test.

The fatigue test was performed in an MTS servo-hydraulic testing machine,
with a Flex Test GT 439.10 driver and a load compensator, at a frequency of 1 Hz.
The crack size was determined by measuring the electrical potential difference, as
specified in ASTM E647-15el. Deformation was measured by strain gages. All test
data from the fatigue test, including loading, time, cycles, and strain, were recorded
by Catman Easy software of the Data Acquisition System — HBM at an acquisition
frequency of 100 Hz. The fracture surfaces were cleaned and then examined using a
scanning electron microscope.

3. Results and Discussion

Figure 3 presents the grain morphology and intermetallic particle
microstructure, as analyzed by scanning electron microscopy, along with a
composition map obtained by EDS, which indicates the Fe, Cu, and Mn content in the
particle. Figure 3 shows the fatigue crack growth (FCG) of AA2050 T84 alloy under
miniTWIST and MiniFALSTAFF loading and the strain curve, in front of the crack,
for the events of growth changing in the FCG curves.
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Figure 2: Microstructure of AA2050 T85 alloy. In (a), grain morphology(Maciel,
2013), and (b) the intermetallic particle and composition mapping showing Al, Fe,

Cu, and Mn.

()

(L]
Pt

Figure 3: Fatigue crack growth (FCG) behavior of AA2050 T84 alloy. In (a) FCG
curve of fatigue tests performed under miniTWIST and miniFALSTAFF loading,

(b) the strain curves from a = 12 to 16mm and from 17 to 23mm for FCG under
miniTWIST, (c) the strain curve from a = 11.5mm to 16mm for FCG under
miniFALSTAFF, and (d) Fracture morphology for both FCG tests.

The intermetallic particle presented in Figure 2 (b) is usually formed in
aluminum alloys of other series, such as 7xxx and 2xxx (Chruscielski et al., 2014;
Mrowka-Nowotnik, 2008). They are a result of solute segregation during the
solidification process. Those particles are harder than the matrix. Previous studies
have identified these particles as preferential sites for crack nucleation, and their size
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can modify the fracture morphology and influence the corrosion(Chemin et al., 2014;
Mrowka-Nowotnik, 2008).

Figure 3 (a) shows the 2a vs N curve of fatigue crack propagation under flight
loading of AA2050 T84 alloy, while Figures 3 (b) and (c) show the strain for the
cycles during which the crack showed a change in growth for miniTWIST and
miniFALSTAFF flight, respectively. Figure 3(a) shows that specimens fractured with
a crack close to the same size for both flight loads. However, the cycles to final failure
were larger for miniTWIST than for miniFALSTAFF. However, it is important to
consider the influence of the microstructure alloy. For both tests, the crack propagated
continuously until 24 mm (a=12mm), and then the behavior of growth changed. For
the miniFALSTAFF at 27 mm (13.5mm), the crack stopped growing. Figure 3(c)
shows a high strain level when the crack stopped growing, followed by a decrease in
strain until the crack grew again. From there, the crack continued to grow until it
fractured. For miniTWIST loading, a change in crack growth was observed, but
without stopping. The changes in crack growth behavior may be explained by the
plastic zone induced by loading in front of the crack. However, as the results show,
the shape of the loading, which includes characteristics such as stress level and
sequence, influences the damage accumulation that affects fatigue crack growth.

Figure 3 (d) shows the fracture surfaces resulting from the FCG tests
performed under miniTWIST (left side) and miniFALSTALSF (right side) loadings.
The fracture of the FCG under the miniFASLTAFF test shows a microcrack between
grains. Previous studies have shown that the AA2050 T84 exhibits a grain boundary
precipitate-free zone, which decreases mechanical strength. Furthermore, the
miniFALSTAFF flight loading generates more severe and random loads, which may
result in the formation of microcracks, as shown in Figure 3(d). The microstructure
has a direct influence on the FCG behavior of a material. For the D16Cz aluminum
alloy (clad), for example, submitted to fatigue crack growth under miniFALSTAFF
(220 MPa), the sample failed after 150.000 cycles and 2a=52mm; for the 2024
aluminum alloy, submitted to miniTWIST loading, it was observed that the specimens
failed with 28.000 cycles and 2a=70mm (SIEGL et al., 1991; Ziegler et al., 2011).

Conclusions

The fatigue crack growth of AA2050 T84 exhibited different behavior under
miniTWIST and miniFALSTAFF flight conditions. The alloy fractured under the
same crack size, but the cycles to failure were larger for miniTWIST than
miniFASLTAFF. The FCG tests under miniFALSTAFF exhibited a crack growth
event stopped at 27mm (13.5mm); however, as discussed, the crack grew again at low
strain. The FCG tests under MiniTWIST show changes in crack growth but without a
stopped event.
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Energy Methods in Fatigue Analysis

The use of classical fatigue analysis methods with FEA is challenging. The integration
often requires subjective inputs with substantial loss of information. This paper outlines
the use of energy to more holistically integrate FEA with fatigue analysis. A new energy
damage equation is introduced to better utilize FEA information.

1. Introduction

Fatigue methods have remained relatively unchanged over many decades.
Force and stress have become the standards to categorize fatigue in engineering.
Analysts have become highly familiar with these terms over the years. What if energy
not stress is the primary driver of fatigue damage?

Energy is a more physics-based criterion for characterizing fatigue
performance. DTA uses energy but requires a definable crack. The use of a total
energy volume scalar could prove to be the primary indicator of internal damage due
to cyclic loading. Energy fits nicely with the second law of thermodynamics which
states that entropy is increasing. Increasing entropy can explain cumulative cyclic
loading damage.

Fatigue analysts must support highly customizable geometries made possible
through modern manufacturing technologies such as 3D printing. Current
manufacturing advances have made possible what was not even thinkable when stress-
life methods were originally conceived.

Finite elements give the ability to fully understand the internal stress fields of
complex loadings and geometries. Fatigue analysis methods need to fully utilize finite
elements in order to keep up with FEA and manufacturing technologies.

2. Energy Method

The calculation of internal stress has moved from simple equations to very
detailed finite element modeling. Applying highly detailed finite element stress output
can be challenging when attempting to employ classic stress-life. A decision to either
include all finite element information or reduce to a simplified state can be hidden in
a methodology. Reducing information is the opposite of holistic analysis. The analyst
must always strive to use all information to the maximum extent possible.

While stress is a continuous and familiar tensor function the fatigue damage
caused by the stress field is neither a continuous function nor a tensor. Fatigue damage
accumulation is a single nucleation site scalar. A point of origin is the only point where
fatigue damage should be calculated.

Energy in a given volume or surface is a discrete scalar as is fatigue damage.
Energy presents a more efficient and physics-based factor. The application of stress
tensors in determining fatigue damage at a nucleation point may unnecessarily
increase complexity while also introducing additional subjectivity.

Energy is a much more physics-based driver for fatigue damage. Energy
presents a factor which is based on work being done in a defined volume. Energy and
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entropy can assess any physical system. Using constantly increasing entropy and
losses during energy conversion the fatigue phenomena can be defined in highly
physics-based functions. Energy nearer the nucleation site will obviously have greater
impact on fatigue damage. Cyclic energy combined with a distance influence factor
greatly simplifies fatigue life calculations.

Currently most complex structural analyses utilize finite elements. Finite
elements give much greater insight into internal stress fields than classic hand analysis
techniques. Finite elements determine a precise peak stress along with the entire local
stress field. What it often does not clearly provide is a constant net section stress,
which is the primary benefit of finite elements. This benefit is often seen as an issue
in applying classic stress-life methods where stress calculations need to be unified
with test results. Figure 1 illustrates the challenges of selecting test results with FEA
output when stress concentration is not definable.
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Figure 1. Test article compared to FEA output

Defining a stress concentration is a quandary in many FEA based stress-life
fatigue analyses. To integrate finite elements with classic stress-life methods many
techniques neglect all the detailed stress field information provided by finite elements
in order to calculate an approximated net section stress.

Neuber and Peterson’s methods [1,2] use a characteristic distance from the
peak stress to adjust local stress fields. Both methods still rely on stress concentration
factors. In any case the total FEA stress field is not applied. How can it be a positive
to degrade knowledge?

Energy is a universal criterion which is a primary driving factor in many
systems. It is used as a driver of cyclic loading damage in fracture mechanics. Energy
is found in many applications from Einstein’s (E=MC?) to how many calories are
needed for a given mammal. It is hypothesized that fatigue damage accumulation is
not a direct function of geometry and load but that geometry and load influence the
primary damage driver which is local cyclic strain energy.

Energy cannot be created or destroyed in a typical engineering scenario yet
perpetual motion is impossible due to energy losses and inefficiencies. This holds true
for all physical systems. The repeated stretching and contracting of materials is no
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exception. With each energy loading cycle losses will damage a stressed volume. This
cyclic damage will accumulate until possible system failure. Energy is therefore
proposed as the key physics-based factor in determining failure.

Figure 2 illustrates how a universal factor such as energy can be used to unify all
test data. No longer is data from a single stress concentration utilized. Energy makes
it possible to define a material-based function that can be applied to all geometric
configurations.
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Figure 2. Unification of data with analysis using energy criterion.

Associating energy in a volume to its impact at a fatigue origin point is a key
factor. Questions do arise. How do distance effects differ for different materials? Does
the distance effect along the surface differ from the distance into the material? These
issues have to be addressed in defining a material-based factor.

Applying a decay function to the influence of strain energy precludes the need
to define a fixed volume. The function will naturally converge to a solution. All that
is needed is a material distance decay property. This material property can be easily
incorporated with finite element strain energy fields to allow for highly objective
conversion of strain energy field scaler factors into fatigue calculations for each and
every point of damage origin.

Prior to energy methods a local stress based gradient method was developed.
The method, like Peterson and Neuber employs a stress at a distance factor. Energy-
based methods apply a decay function utilizing the entire stress field which is a clear
advancement over applying a single characteristic distance or gradient [3].

Energy decay functions address two critical characteristics. First, fatigue life
prediction is only valid at a point of origin where stress decreases in all directions.
Second, total stress field information is used in selecting material data in lieu of a
stress concentration factor determined using subjective methods.

A function H [4] is proposed to represent the energy field from a nucleation point.
The function sums the energy from the nucleation to a convergent location or the free

edge of a detail.
E
.H = ]‘ T Llf-l_,

Where: H = Cyclic damage; E = Available internal energy; | = Distance decay
function
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The values are integrated over a volume. An exception is integration over an
area when a plane of failure is known

Conclusion

Forcing current finite element output into a stress-life analysis that was developed,
refined, and accepted for slide rule techniques cannot optimize results. Fatigue
analysis must fully utilize the full power of finite elements without introducing
excessive subjective inputs. Highly precise finite element results give great insight
into local stress fields. Finite elements should never have its capabilities “adjusted” to
fit outdated methods. The adjustments can result in significant loss of knowledge.

Energy scalar values are highly effective in updating stress-life for use in the finite
element age. Experimental data can be much more objectively integrated with finite
element analyses when net section stress, uniform stress, and concentration factors are
not required to select test data.

Stress concentration factors are straightforward for many simplified test articles.
This is not true for finite element output of most design configurations. Finite elements
provide the opportunity to extract significant local stress-field information. The stress-
field information comes at the cost of not being able to determine stress concentration
factors without the loss of knowledge. Knowledge should never be lost in an attempt
to retain older methods that were not developed to fully utilize finite element methods.

Stress is not the primary driver of cyclic load damage. Energy is a more physics-
based direct value in the calculation of damage. Using energy-life in lieu of stress-life
will provide a clearer more objective physics-based approach that can effectively
unify finite element, energy-life testing, and fracture mechanics.
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Cnocid po3paxyHKy BTOMHOI JIOBrOBi4HOCTI eJieMeHTIB aBianiiiHol TexHikH 3a
KOHIENIi€I0 eKBiBAJEHTHUX HANPY:KeHb

Posensanymo  3a0aui  npocno3yeanHs YukniuHOi 008206IYHOCMI  CMEPIICHIE Npu
00HOBICHOMY 6a2amoyUKIOBOMY ACUMEMPUYHOMY HABAHMAICEHHT MA MOHKOCIMIHHUX
YUNTHOPIUHUX O0OONOHOK 6 YMO8AX 0808ICHO20 0a2AMOYUKIO08020 KOMOIHOBAHO20
Hasanmasicents. Po36 ’s3xu ipynmyomsca na 8UKOPUCTAHHI KOHYenyii eKeigaieHmHUX
HANpysicenb ma KIACUYHUX Kpumepiie 00620mpueano2o pyuHyeaHHs.

1. Beryn

OpHi€l0 3 OCHOBHUX MpPHYMH MEpPeIYacHOro BHUXOAY 3 Jamy OaraTbox
BIJNOBiZaTbHUX JeTaleil Cy4acHHX MAIIMH Ta €JIEMEHTIB KOHCTPYKLIH € BTOMA.
AKTyaJbHOIO € TpobiieMa 3a0e3MedeH s JOBrOTPUBAIO] IPare3laTHOCTI eJIeMEHTIB
KOHCTPYKILIH Cy4acHo] aBiallifHOT TEXHIKH, SIKi eKCIUTyaTYIOTHCS ITiJ] Ai€10 ITUPOKOTO
CIEKTPY CTAaTWYHUX, IUKIIYHHX, 0araToBiCHMX HaBaHTaXeHb. P0O3B’S30K Takoro
KJIacy 3amad OyIyeThbes, SIK MPABHIIO, i3 BUKOPUCTAHHIM Pi3HOTO POy €MITipHYHUX
CHIBBiIHOIIEHB a00 EKCIIEPUMEHTAIFHO Ha OCHOBI JaHUX HATYPHUX BUIIPOOYBaHb.

B poGoTi posrmsmaeTbes MiAXinN, SKHA TPYHTYETbCS Ha KOHIICTIIIT
€KBIBAJICHTHHX HAIPY)XEHb Ta JI03BOJISIE ACHMETPUYHI [[UKJIN HaBAHTAKEHHS 3BECTH
J0 CHUMETPHYHOIO, a CKIaJHUH HampyxXeHuil ctaH 1o ongHoBicHoro. CTpykTypa
€KBIBaJICHTHUX HANpPYXeHb 3aJa€ThCsl, BUXOASYM i3 TIMOTE3W iCHYBaHHS €IMHOT
JiarpaMyl TpaHWYHHMX HAlpy)XeHb B HOPMOBaHI CHCTEMi KOOpDIMHAT, sKa €
iHBApPIaHTHOO MO BiHOMICHHIO IO YHCJIA IIUKIIB 0 PyWHYBaHHS.

Mera po0OOoTH MoJIATae B eKCIIepUMEHTaNIbHII anpobaril MeTory po3paxyHKy
JOBFOTPUBAJIOTO  PYWHYBaHHS BHACHJOK BTOMH 3a YMOB  OJHOBICHOTO
aCHMETPUYHOTO Ta ABOBICHOTO KOMOIHOBAaHOTO HABAHTAXKEHHSI.

2. IIporuno3yBaHHsI BTOMHOI I0BTOBiYHOCTi MPH OTHOBiCHOMY
aCHMeTPHYHOMY HABAHTAKEHHI.

Po3risimaeTecs  OBrOTpHBANlC PYHHYBaHHS MPU3MATHYHHUX 130TPOIHHUX
CTEPIKHIB BHACIIJOK 6araTOMUKIOBOI BTOMH 32 YMOB OJJHOBICHOTO aCHMETPHYHOTO
pO3TATY-CTUCKY, 3THUHY, KpPYYCHHS. YMOBH  HaBaHTQXEHHS  3aJIafOThCS
CIIBBIIHOIICHHIMH BHULY

G =0, +0,8IN(2m), O, =0,+0,<0y (a)
" =0, +aolsin(2m);, ot =o,+ol<a, (6) @
T =7, +7,5IN(2/M);  Tpp =T+ 7, <Ty (6)

Je &, 60, 7 — 3MiHHI HANPYXKEHHS ACUMETPUYHOTO LMKy PO3TATY-CTHCKY, 3THHY,

b . .
KPYUCHHS; On ~ CepeaHE HAIIPYKCHHS, Ga, O'a , Ta — aMILnTyau HOUKITYHOI'O
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. b :
HANPY)KEHHS PO3TArY-CTHCKY, 3THHY, KPYUCHHS; o O+ Tpo — MAKCHMAIbHI
HaNpy>XCHHS B IHKII; oy — Mexa Teuil MaTepiamy CTEpXKHS, n = ft — YHCIO IUKIIB
HaBaHTaXeHHs; (f >10 I'm) — dacrora HaBaHTaxeHHs; T — QisuyHuil dac.

Konyenyis  exsieanenmuux — HAnpysceHb — 3d  YMO8  ACUMEMPUUHOLO
Haeanmaoicents. 3acTOCOBYETHCS KOHIICNLIS CKBIBAJEGHTHUX HANpPYXKEHb, SKa
JO3BOJIAE€ ACHMETPUYHHMH IIMKI HABaHTaXCHHS 3BECTH JO CKBIBAJICHTHOTO
cumerpuaHoro. CTPyKTypa eKBIBAICHTHHX HANpyXeHb 3aa€ThCs BUXOIAUH 13
rinoTes3u iCHyBaHHS €IMHOI AiarpaMy TpaHHYHUX HAIPYKCHb B HOPMOBaHIN cHCTeMI

KOOP/IMHAT, KA € iHBapiaHTHOIO CTOCOBHO YMCNa LMKIB 10 pyitHyBanns Ng . B
SIKOCTI CKBIBAJICHTHOT'O HAILPY)KCHHs PO3MILLIAITECS OOMEKEeH] Mexi BIOMH o ()
IPY CHMETPUYHOMY LHKJII HaBaHTaKEHHS. TaKMM YMHOM, aCUMETPHYHE LIUKIiYHE
HABaHT&XCHHA (la) 3BOAMTBHCA /10 CKBIBAICHTHOIO CTOCOBHO N, CHMETPUYHOIO

LUKITY.
.
Op

1€ (g,),,, ~ AMIUNTYJa CKBIBAICHTHOIO HAIPY)XCHHS CHMETPHYHOIO LMKILY; og
a/eqv

MeXa KOPOTKOYACHOI MILJHOCTI Marepially IUIACTHHH; 7) — KOE(DILi€HT 4yTaMBOCTI

MaTepialy 0 acuMeTpil HUKITYy HaBaHTAKEHHA. AHAJIOTIYHAM YHHOM MOXKHA
3anucard HaBaHTaxeHHs 1t (16), (1B).

BBaxxaeMo, 110 pyHHYBaHHS CTEp)KHIB BHACTIJOK BTOMH € HAacCIiJIKOM
PO3BUTKY Ipoliecy NOIKOKeHHs . KiHeTHKa HaKOITMYEeHHsI MOIIKO/PKEHb BHACIIIOK
BTOMH 33/Ia€ThCs €BOJIOLIITHUM PiBHSIHHIM BUIY

q
_p|Z=™] . ®
dn 1-w;,

da,

e @, ~ CKaJSIPHUIT TapaMeTp MOLIKODKEHHSI, 1o 3MiHIoeThest Bin 0 mpu N =0 1o
1 mpn n=ng ; Ng — dHCIO UMKIIB 0 pyiHyBaHHsi; ( , D — MmarepiambHi
KOHCTAHTH, SIKi BH3HAYAIOThCS 3 KPMBHX BTOMH IIPU CHMETPUYHOMY LMK ISt
KOYXHOTO BHY HABaHTA)XCHH:I, BIMOBITHO.

PiBHSHHA 11 pO3paxyHKY 4YMCIAa LMKIIB 10 pyHHYBaHHS CTEPXKHIB
BHACJZIOK BTOMH OTPHMAHO iHTerpyBaHHsaM (3) Mae BUJT

1 4

" D[, )., |

Z[HSI TJIaAKOr'0 CTCPIKHA €KBIBaJICHTHE HaIlpy>KCHHA (Teqv

Koedirientn aist po3paxyHKiB BU3HA4YeHI 32 METOUKOI0 pobotu [1] Ta HaBeneHi B
Ta0InL.

B (3) cniBmanac 3 (2).
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Tabnuys

CmutaB og MIla q D. MTla -0y ior? 7]
D16T 529,7 10,852 4,797-10°32 1,57
\Pozmsie-cmuck
Crans2 354,1 4,65 6,852-1018 0,75
32UH
SAE4340 737 12,39 1,154-103%8 0,7
KpYYeHHs

Excnepumenmanvua anpobayis. Pe3ynapTaTH po3paxyHKIB JOBrOBIYHOCTI
CTEpIKHIB BHACIIIIOK BTOMH, OTPUMAaHI 3a PIBHSIHHIM (4) 171 JeKiTbKoX (ikcoBaHMX
3HAUeHb CEPEAHBOTO HANPYXKEHHs LUKy IpeacrasieHi Ha Pucynok 1. CyninsHumMu

JiHISIMA HaHECEeHI KPUBI BTOMH 32 yMOB CHMETPHYHOTO (o-m =0, O-:] =0.7, =0)

UMKITy HAalpyKEHb.
EkcriepuMeHTaNbHI ani 3aro3udeHi 3 pooir [1-3]

O'a__. MIla O'z,MHa
300 |~xp Crans 2
2404 300 |1 L]
1804 \
1 200 )
1204 - i
3
a0 100 LLL !

10% 10° 108 ».OMKI 10° 10° 105 0,UHKT

a) 6) B)

PucyHok 1. Po3paxyHkoBi (J1iHiT) Ta eKcliepuMeHTalbHI (MapKepn) pe3yIbTaTi
[IUKITIYHOT IOBrOBIYHOCTI CTEPKHIB MPH a) ACHMETPUIHOMY PO3TATY—CTHUCKY, CIIJIaB
J16T[1] npu om=98,1 &—, 0), 392 (——,8) MIlaTa 6m=Ga (——);

6) acHMeTpUYHOMY IUKIIYHOMY 3THHi, crans2 [2] mpu omP= 108 -, 0), 177
(——,®) MIla; B) acuMeTpUIHOMY HUKIIYHOMY Kpy4eHHi, cranp SAE4340 [3],
wm=147MIla -, 0), 196MIla(——,e)

3. IIporHo3yBaHHsl BTOMHOI 10BIrOBi4HOCTi B yMOBaX JBOBiCHOI0
0araToMKJI0BOr0 KOMOIHOBAHOIO HABAHTAKEHHS.

Posrmsinaersest pyiHyBaHHS BHACTIJOK BTOMH TOHKOCTIHHHX LTI HAPHIHUX
000JIOHOK 33 YMOB KOMOIHOBAaHOTO HABAHTAKCHHS CHUMETPHUYHMM LUKIIYHHM
PO3TATOM-CTHCKOM 3yCHJIISIM CHMETPHYHUM LIUKITIYHHUM KPYYCHHSAM
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o =0, sin 2/m;
a ’ ()

T =17,SIn 27N,
Sk xputepil pyiiHyBaHHS BHACIIZOK BTOMH TOHKOCTIHHUX IMJIIHIPUIHHX
000JIOHOK 32 YMOB JABOBICHOTO KOMOIHOBaHOTO HaBaHTaXeHH: (5), 1[0 BU3HAYAIOTH

JOBIOBIYHICTh OOOJIOHOK, PO3TJIAJAIOTHCS KPUTEpil MakCHUMaJbHHX HOPMaJIbHHUX
HaIpYXCHb,

2
_ 0, O, 2 ' (6)
e e I (NR)
KpHTepili MaKCUMaTbHUX JOTHYHUX HATIPYXKEHb — Y BUIISI

Ta ™

2
g, 2
— a —
alafo-Sa_Z (2] +7, —O-n(nR)
1 KpuTepiit muTOMOi eHeprii GopMO3MiHU — Y BHTIIAAL

%«/20‘5 +672 =0, (ng)’ ®)

e o, i Oza — aMIUTITYIHI 3HAYCHHS TOJIOBHUX HATIPYKCHb.

BBaxaeTbes, mo KpuTepii pyiHHYBaHHS MAarOTh 33JOBOJBHATH KPUTHYHHM
3HAYEHHSIM XapaKTEPHCTHK BTOMH, Y SIKOCTI SKUX PO3TIISAAIOTHCS OOMEKEHI Mexi
BTOMHA o, (N,) 33 YMOB OJHOBICHOIO HABAHTAKEHHS PO3TATOM-CTHCKOM. DyHKLUis

0,(ng) » WO 3a/a€ 3aNEKHICTh MK OOMEKCHOI0 MEKEI0 BTOMH ¢ i uncioM

UMKIIB 10 pyHHYBaHHi [l 33 YMOB OLHOBICHOTO HABAHTAXCHHS PO3TAIOM-

CTHCKOM, KOHKPETU3Y€EThCS y BUTIISII
1 1 9
nR:—qg—)O'n(n):i]/qg‘ ( )
(1+qg)Do‘(O-H(n)) [(l+qa)DanR]
SIKMH 33I0BOJIBHSIE €BOJIOLIHHOMY PiBHSHHIO (3).
Po3B’s13k0Bi PIiBHSHHS UIS JOBrOBIYHOCTI nR 000JIOHOK BHACTIIOK BTOMH MpH

JIBOBICHOMY HaBaHTa)XEHHI JUIsl BUILE3a3HAUCHUX KJIACHYHMX KPHUTEPIiB 3HAXOJHMO
nigcraHoBkoro (9) B (6)-(8).

Excnepumenmansua anpobayis.

PesynbraTi po3paxyHKy NHMKIIYHOI OBTOBIYHOCTI BHACHIZOK BTOMH
TOHKOCTIHHUX LWJIIHAPAYHUX OOOJOHOK 32 yMOB KOMOIHOBAaHOTO HAaBaHTAXKCHHS
OUKITIYHAM PO3TATOM-CTHCKOM Ta IHUKIIYHUM KPYYEHHSIM i3 KOHCTPYKIIHHOI cTai
JIS SNCMB& nput pi3HHX 3HAUEHHSX 1 — 7,/ 0, IPEACTaBIeHO Ha puc. 2. Koedimientn

st crami JIS SNCMS BusHadeHi 3 KpHBOI BTOMH IPH CHMETPHIHOMY DO3TATY-
crucky (p = 1.154:107% MIIa® uukn? , q, = 12:39 ). Mapkepamn naneceni nani

EKCIIEPHMEHTIB, 110 3aMT03MYeHi 3 [4].
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Pucynok 2. Po3paxyHkoBi (J1iHIT) Ta eKCIIepUMEHTaNbHI (MapKepH) pe3yIbTaTH
IUKJIIYHOT JOBTOBIYHOCTI TOHKOCTIHHHUX MUJIIHAPHYHUX 000J0HOK cTami JIS
SNCM8 npu koMOiHOBaHOMY HaBaHTa)XKEHHI IUKJIIYHIM PO3TATOM-CTHCKOM Ta
[UKITIYHAM Kpy4eHHsIM 3a Kpurepismu (2.2) (— —), (2.3) (— - —), 2.4) ——).

BucHoBku

[Migxix momo po3paxyHKy BTOMHOI JOBIOBIYHOCTI €JIEMEHTIB KOHCTPYKLIH 3a
YMOB OIHOBICHOTO aCHMETPHUYHOTO HaBAaHTAXKEHHS, IO IPYHTYETHCS Ha KOHILEMIIT
CKBIBAJICHTHUX HANPY>KEHb, MOXKE PO3TJISIATUCH SK OJUH i3 HAHOLIBIN eEKTUBHUX
MiXOMIB 70 PO3B'A3Ky Takoro kiacy 3azad. OTpUMaHO 3af0BUIbHE Y3rOKEHHS
pe3ynbTaTiB  PO3PAaxXyHKIB 3 EKCHEPHMEHTAJIbHHUMH JAaHUMH, 3al03WYCHUMHU 3
nmitepatypu. [Ipm po3paxyHKy BTOMHOI JOBTOBIYHOCTI €JIEMEHTIB B yMOBax
0araToIMKIOBOTO KOMOIHOBAaHOTO HABAaHTAXKEHHS TOYHICTH 3aJICKUTh, HacaMIIepe.
BiJl BiAMOBITHOCTI CTPYKTYPH KPHUTEPit0 pyHHYBaHHS BHACIIIOK BTOMH JI0 BHXiIHOL
IUTACTHYHOT BIACTHBOCTI Matepiamy. [Ipm 30UIbIIeHHI 3HAYCHHS v=r,/o,

HafiKpale y3rOJUKCHHS 3 eKCHePUMEHTAJIBHUMU [aHUMH 3MILLYeThCsl  BiX
PO3paxyHKiB 3a KPHTEPiEM MaKCHMAaIbHUX HOPMAIBHHX HAMpPYKEHb NO KPHUTEpiit
MUTOMOI eHeprii GopMo3MiHH.
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Effect of Stiffening Components on Secondary Bending in Multi-Row Lap Joint
Structures

The problem of secondary bending in multi-row lap joints remains a critical aspect of
structural integrity. This paper examines the effect of a stiffening element (stringer),
modeled in Ansys R21 using FEM, on the magnitude of secondary bending stresses.
Preliminary findings indicate considerable stress reduction, though further model
refinement is required for realistic structural assessment.

1. Introduction

One of the key distinctions between longitudinal fuselage joints and
laboratory lap-joint specimens is the presence of longitudinal stiffening elements—
stringers. Vlieger (1994) investigated the effect of stiffening elements on the fatigue
strength of lap joints. In that study, the stiffening element was represented by a thin,
narrow plate, which was found to have an insignificant influence on the overall fatigue
performance of the joint. However, modern stringers possess a fundamentally
different structural configuration. Their cross-sectional geometry is designed to
ensure adequate bending stiffness and to support the skin against local buckling.

As a result, the geometric characteristics of contemporary stringers are
substantially greater than those of the thin plate used in Vlieger’s research, particularly
in terms of the polar moment of inertia - parameter governing torsional resistance.
Furthermore, in real fuselage structures, each stringer is attached to a frame through a
stringer clip. The combination of these two factors suggests that the stringer can resist
twisting induced by secondary bending in lap joints.

Therefore, investigating the influence of stringers on secondary bending
represents a promising direction for reducing the detrimental effects of this
phenomenon in aircraft structures.

2. Methotology and materials

Building upon these considerations, the present study focuses on evaluating
how the presence and configuration of a stringer influence secondary bending stresses
in multi-row lap joints. To achieve this objective, a finite element (FE) model was
developed to simulate a representative lap-joint specimen commonly used in
laboratory testing.

The model represents two overlapping aluminum sheets connected by three
rows of rivets, with three rivets per row. Three configurations were analyzed: a joint
without a stringer, a joint with a conventional open-section stringer from the B737-
200 fuselage structure, and a joint with a closed-section stringer modeled as a
rectangular tube. While the latter design is not used in real aircraft structures, it was
included to investigate the potential effect of a closed section, which is known to
provide greater torsional rigidity. This consideration is particularly relevant since
secondary bending induces a twisting response in the stringer.
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The following section provides a detailed description of the modeling
parameters, material properties, boundary conditions, and results obtained from the
nonlinear FE analysis.

Figure 1 — Lap splice joint with head section stringer

Figure 2 - Lap splice joint with tube section stringer

The dimensions for the model were selected according to standard B737-200
parameters: skin thickness — 0.9 mm, rivet diameter — 4 mm, and stringer thickness —
0.86 mm. To simplify the analysis and isolate the effect of the stringer, protruding
head rivets (not countersunk like in fuselage structure) were used, as countersunk
rivets significantly influence stress concentration. At this stage, only static loading
conditions were considered, with the objective of evaluating the difference between
secondary bending stresses in the regular zone (away from hole-induced concentration)
and the nominal stresses. The materials applied were: Al 2024-T3 for the skin and Al
7075-T6 for the stringer. A nominal tensile stress of 80 MPa was applied to the model.
Since stress concentration could lead to values exceeding the yield limit of aluminum
alloys, a bilinear stress—strain diagram was implemented to account for nonlinear
behavior. Solid elements were used for the FEM model. The boundary conditions
consisted of a movable hinge and a fixed hinge at the sheet edges, with the load
applied to the movable side.

3. Preliminary results and discussion

Initially, the calculation without stringers was performed. This nonlinear
analysis demonstrated that under nominal stresses of 80 MPa, the total through-
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thickness stresses at the most loaded rivet row (the first row on the loading side) varied
from 180 MPa in the maximum tensile zone to —30 MPa in the maximum compressive
zone in the regular region away from stress concentrations. Thus, in this case,
secondary bending stresses even exceeded the nominal applied stresses.

—1
|
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3
:

‘imul

Figure 3 - Example of cross-section for normal stresses checking

When the stringer was modeled as attached only to the sheet via rivets, it
rotated freely in the direction of lap joint bending. The FEM results confirmed this
behavior with a 90% correlation. However, in reality, the rotation of the stringer is
restricted by the stringer clip, which attaches it to the frame. To approximate this effect,
an idealized model was developed, assuming the stringer to be perfectly clamped at
the frame attachment, fully preventing torsional rotation at this point.

The results demonstrated significant differences. For the lap joint with an
open-section stringer, the secondary bending stresses in the same regular zone ranged
from 50 MPa to 110 MPa through the sheet thickness. For the lap joint with a closed-
section stringer, the stresses in the same region ranged from 70 MPa to 90 MPa.

These results highlight that, while the idealized model requires further
refinement to account for the actual stiffness of the stringer clip, the presence of a
stiffening element considerably reduces secondary bending stresses in multi-row lap
joints.

Table 1
Normal through-thickness stresses at first rivet row
Without stringer Head section stringer | Tube section stringer
omax 180 MPa 110 MPa 90 MPa
omin -30 MPa 50 MPa 70 MPa

Conclusion

Although the model considered in this study was idealized and differs from real
aircraft structural configurations, the obtained results are significant. They
demonstrate that accounting for stringer attachment conditions has a substantial
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influence on secondary bending stresses. This finding highlights the importance of
considering both the torsional stiffness of the stringer and its fastening to the frame
when analyzing the structural behavior of lap joints.
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BnuinB MarHiTHOI cKJ1a10BOI Ha MapaMeTPH 3ACTUTAHHSA eNMOKCHIHUX KJeiB i
CMOJI IS BUPOOHUYMX NMOTPed.

Posensanymo 6niug 3068HIUHbOO EHEPIeMUYHO20 BNAUGY HA CMPYKMYPHI i (hisuuni
SMIHU 3UUMOI CKIAO080I eNOKCUOHUX CMOL I Kaeis. BusHaueni akmusui napamempu
3MIHU PIBUUHUX | MEXAHIYHUX NAPAMEmPI8 enOKCUOHUX CMOJl MA K1ei6 npu 6HeCeHHi
HAHONOPOWIKIG 8 MeXHOIo2IyHUll 3amic enokcuonoi macu. Ilupoxo npedcmagneni
MEXHON02IYHI NPUTIOMU 3MIHU OCHOBHUX NApamempis 00 eMHOI enokcuoHoi macu 07s
BUPOOHUYMEA MA CKICI08AHHS Oemanell i3 aNOMIHIEGUX cniagie ma cmanel.

3aradpHUH UK 3aCTUTaHHS CMOKCHUIHHMX CyMilllell IIPOBOJMTHCS B
TEepMIiYHHUX Meyax mpH Temnepatypax 150...250 C°. HosiThi TexHonorivni npuitomu
JIal0Th MOXKJIMBICTh YHUKATH BUKOPHCTAHHS HAarpiBajJbHOTO 00Ja HAHHS B 3B SI3KY 3
CHEPreTHYHUMH 3aTPATAMHU.

Herepmiuni edextn 3acturanss enokcunHoi cmomu (EC) min BrummBom B
poborti [1] po3rmsiHyTO yIBTPa3ByKOBI 3aMiHHHUKH CHEprii akTHWBAamii 3a PaxyHOK
BHYTPIIIHBOTO HarpiBy. BkazaHo, 10 HeTepMiuHUIT €peKT yIbTPa3BYKy Ma€ BILTHB
Ha BiOpauiliHy MinHICTh NpH 30epe)KeHHI XIMIYHUX 3B'A3KiB. Bimbie Toro, aHaimi3
MOJICKYJIApHHUX OpOiTajiell Ha Mexi IMoKa3aB, IO XiMiYyHA peakiiiiHa 31aTHICTh
MOJICKYJT €MIOKCHTHOT/aMiHHOT CMOJIH 301IbIIIIIACS, & CHEPreTHYHA 3a00pOHEHA 30Ha
3MEHIIuIacs Maibke Ha 16% Ii BILTMBOM YIbTPa3BYKY.

JIBOKOMITOHEHTHI €MOKCH-aMiHHI OPTaHI4Hi TOKPUTTS [Tl aHTUKOPO31HHOTO
3aCTOCYBaHHA Ha TaKWX KOHCTPYKIISAX, SK aBTOMOOLT, MOCTH, BITPSIKH, Ha(TOBI
mIaTpopMu, IS 3aTBEPAIHHS TOTPEOYIOTH CYMICHHX TIIPOLECIB CTYIMiHYACTOT
nonimMepu3anii 060X Ipyn eMOKCHIHUX 3 aMiHHUMH 3aTBep/DKyBadamu. B mpoiiec
BKJIIOYAIOTHCS PeaKilii PO3KPUTTS eMOKCUIHUX KiJIelb 3 YTBOPEHHSM JEKLTBKOX TPy
aMiHiB opMyrouH po3raiykeHHs ado 3IINBaHHS.

BpaxoBytouu, 1110 €HOKCHIHA CMOJIA € TOJISIPHOI0 PEYOBHHOIO 1 i/l BITITMBOM
€JICKTPUYHOTO 1 MAarHiTHOTO TOJNIB T MOJICKYJIM OpI€EHTYIOTbCS  JMIIOJbHUMH
MOMEHTaMHU B 00’eMi BUpoOY ab0 Npu CKJICIOBaHHI B NMPOMDKKY MK METaliYHUMH
MMOBEPXHIMHU. 30pPIEHTOBaHI MOJIEKYIIH TOCIITIOIOTh MEXaHI3MH CKJICFOBaHHS METAJIB
3a PaXyHOK IiIBUIIEHOTO 3MOYYBAaHHS [OBEPXHI MeTajly enokcuaHum kieem. EC
KJIaCHYHa TEeTepPOLMKIIIYHA CIOJNyKa XapaKTEPH3YEThCS HASBHICTIO Yy MOJEKYIi
OKCHPAHOBOTO EMOKCHIHOTO Kinblisl, miust cmoimu EJ[-20, BimoOpaxkaerbcs sk
C21H25ClOs. Ximivni mporecu 3MMBaHHS MOJEKYJI IiACHIIOIOTECS BMICTOM Pi3HHX
KOpEareHTiB, IIPH LbOMY PE3YJIbTaT PeaKLil, TPUBUMipHA TEPMOPEaKTHBHA CTPYKTYpa
mo BchoMy 00’eMy perami. IlizBuinena Temiieparypa 3aTBEepAiHHS HPUCKOPIOE
MPOLIECH CTEXIOMETPii CyMillli CMOJIM Ta 3aTBEepKyBaya.
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OmiHKy KIHeTHYHHX IapaMeTpiB 3aTBEpIiHHSA Ha KOXKHOMY €Talmi Iporecy
€MOKCH/IHO-aMiHHOI MoJIiMepH3alii MpoBOAMIacs Pi3HUMHU aBTOPAaMH HA BEJIUKOMY
criekTpi emokcuanux cmon [2], [3.],[4 [5] Ta 3arBepmkysauis [6.], [7.], [8 ] 3
BUKOpHCTaHHsIM Katanizaropis [9], [10], [11].

Sk BimoMo MarHiTHe moje (OpMyeTbcS NPHU MEPEMILICHHI €JIEKTPOHIB B
By3lax KpHcTamiqHoi rpanku. IlepexnOadeHe HampaBiIeHHS €IEKTPUYHOTO OIS
IIPOBOKYE BHHHKHEHHS MarHiTHOTO IIOJISI HAIIPABJICHOTO B OJHOMY HANpsSMKy ajie
XBUJILOBI CHTHAIIH PO3TAIIOBYIOThCS il KyToM 9003 BiNOBITHIMHU eHEPreTHIHUMHE
nokazHuKamy. OTKe eNIeKTPHUYHI 1 MarHITHI IT0JIS1 OTHOYACHO BIUIMBAIOTh Ha BCE, M0
iCHy€ B TpUPOJi, OCOOIMBO B MEPiOA PO3BUTKY iXHBOTO BHYTPILIHBOTO CTaHy abo
CYHUIPHOTO TIEpeMIlIeHHS B O00’€Mi ENeKTPOMArHITHUX XBIUIb HABKOJIMIIIHBEOTO
cepeoBHIIIA.

[pote B3aemoxniss MII 3 1OCTaTHHO BEIUKOIO MACOIO MOJIEKYJIH CTIOKCHAHOTO
KJIEI0 B TEpioJl 3aCTUTaHHs YHM BHYTPIIIHIX TEPMIYHHMX 3MIiH BHUKOPHCTOBYE IHIIHMN
MEXaHi3M CTPYKTYpHOTO (opMyBaHHS MOJEKyJsipHOTO 3mmMBaHHSA. CyTh SKOTO
MIOJIATAE B JUIIOJIBHOMY JiaMarHiTHOMY ITOXOJDKEHHI eOKCHIHUX cMoil. Morekyra
«auIoibpy Oyze ciimyBaTy 3rigHo HanpasiaeHHo MII. Brmus MIT Ha Tpanchopmarito
CTPYKTYpHOI CKJIagoBOi JAiaMarHiTHUX HEMETAIIYHUX MaTepialiB MPOXOIUTH B
nepion (GopMyBaHHS IX 3acTHraHHS a0o0 po3M’sKmeHHs. [Ipormecn 3acTUTaHHS
ENOKCUIHUX CMONI abo KieiB MocAraloTh CTaHy remito 3a 24 roamHu, abo mpu
HarpiBaHHI 3HAYHO MIBHUIIIE, IPOTE CKIOYTBOPEHHS IMOIOBXKYETHCS OiblIe HXK 72
TOJIMHH JI0 TTIOBHOTO (hOpMyBaHHs 00’ eMHOT CTPYKTypH. Takuii JOBruii 4ac MOXKIMBO
3MEHIIUTH 3a PaXyHOK 30UIbIICHHS KiNBKOCTI 3aTBEpKyBaua, IO 3MIHUTH XiJ
XIMIYHMX peakuid npu QopMyBaHHI KIHIIEBOrO HPOAYKTY Ta HOTipPLIMTH HOro
rapaMeTpH.

[IpoTe 1elt HeAOMIK Aa€ MOXKIUBICTD Ha MPOTS3i PEaTbHOTO Yacy BILIHBATH
Ha MOJICKYJSIpHY CTPYKTYpPY MarHiTHUM a0o eneKkTpuyHuM monsmu. LIBumkicHi
napaMeTpu BIDIMBY MII 3HaUHO NEpEeBUITYIOTh MIBUAKICTD

3aCTUTAHHS a00 3IIMBaHHS MOJEKYISIPHOI CTPYKTYpH EIOKCHAHHX CMOI i
KJIEiB, IO JI03BOJISIE MOCTYIOBO HEPEMILyBaTH AUIONBHY CTPYKTYpPY B 3aJaHOMY
HanpsMKy. [laHa TEXHOJOTiYHA MOJJIMBICTH IO3BOJISIE ONEPYBaTH IapameTpamu
BILIUBY Ha ()OPMYBaHHS CTPYKTYPHOI CKJIAIOBOT €IOKCHHUX CMOJ i KJI€IB B yMOBax
3MIiHM iX CTPYKTYPHOI CKJIagoBOi Ha TPOTsA3i BChOTO BHUPOOHMYOrO 4Yacy IIpH
(dopmyBaHHI 00’ €MHOT MacH BHPOOY.

TakuM YMHOM LUDIIO HAIIOTO MOCITIIKEHHS € Po3poOKa TEXHOJIOTIYHOTO
nponecy 3acturaHHs emokcuaHoi cMoimn (EC) mpu koHcTpyroBaHHI HEOOXimHMX
neraneil pOpMyrOUM IX CTPYKTYpHI CHJIOBI IMOpSAKA ab00 YMOBH CKJICIOBaHHS
METaJIiYHUX TIOBEPXOHb CMOKCHIHUM KJIEEM 3a EHEPreTHYHO 30epiralounmu
TEXHOJIOTiIMH €()eKTy HETEPMiUHOTO 3aCTUTaHHS.

OCHOBOIO KJICHOBHX TEXHOJIOTIYHHX oOIepaiiii € 3abe3neucHHsA: - amresii
CIOKCHUAHUX KJIETB 3a paXyHOK YTBOPEHHsI MOABIHHOTO eMEKTPUYHOTO LIapy Ha Mexi
PO3Iiny MK KJIeeM Ta MaTepiajoMm; - Koresii caMoro enokcuaHoro kieto. Emokcuaui
KJI€i SIK 1 CMOJHN € JiaMarHeTHKHU SIKi IMOJSIPH3YIOThCS Malo4d HaOyTi BIaCTUBOCTI
BUTICHEHHsI 3 MDKHomsipHOi 30HM MII, mpoTe iHoro BIUIMB myxke ciabkuil Ha
CTPYKTYpHY CKJIaZOBYy CMOJ 1 KiIeiB. 3HAaUYHOTO BIUINBY, IpH (HOPMyBaHHI
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CTPYKTYpHOI CKJIamoBOi HamaroTh JOMINIKK KOMIIO3WMIHHMX MaTepiamiB 3
MiABUIIIEHO] MarHiTHOI CIPUHHATIUBICTIO.

Heo0xigHuM napamMeTpoM KiHIIEBOTO MIPOAYKTY CYMillli «E€IOKCHIHA CMOJIa —
3aTBEPKyBauy» € KoresiifHa MILHICTh siKa 3a0e3MedyeThCsl XIMIYHUMH 3B’S3KaMHu,
LIJIBHICTIO 3IIMBAHHSA MOJIEKYJ TAa MEXaHIYHOIO CKIJIQJIOBOIO B 00’€Mi 3aTBEpALIOro
Marepiaiy i 3aJIeXXHTh BiJl TEXHOJIOTYHHX HPUHOMIB 1 BUKOPHCTAHHS €HEPTeTHIHNX
MIOTOKIB SIKUMU € eJeKTPUYHI | MarHiTHI oA 1 iX pi3HOBUA.

IMorouHi mOCHi/KEHHS 30CEpPE/DKEHO caMe Ha 3MiHI  KOTe31HHUX
BJIACTUBOCTEH MoliMepHOi MaTpHIl, ockinekn MII BimBae Ha BHYTpIlIHI IIponecn
mpu (OpMyBaHHI CITKH PO3TALIyBaHHS | HAalPaBICHHS MOJEKYJ, L0 € OCHOBOIO B
00’emi Mmartepiamy. @ikcamis Macu BHpoOy HpOXOOWTh B piakodasHiil cramii 3
MEPEXO0M B CTAMil0 TEICYTBOPEHHS KOHTPONIOIYN PYXJIUBICTH MOJEKYISIPHUX
nadmoris. Asropu [12] mocmiKyBanu moyliMepH3allii0 KOMIIO3UTIB Ha OCHOBI
MOJITAKTHIHOTO TIONIMEpYy Ta eMOKCHAHOI CMOJNM B CEpPeJOBHII MOCTIHHOTO
MargitHoro nosist B=0,5 Txi ta 6e3 BBy MarsiTHOro moist. Kommosuru mictim
nomimkn MarHeTuty FesOs pa3zoM 3 kpHCTaTigHOO LIENI0NI03010 32 Macoto 10 30%,
Ta kpoxmains 10 10%. IIpu npoMy migBHINyBanacst MIIJHICTh Ha PO3TAT Ta BUTHH,
yZAapHa B'S3KicTh. 30UIBIIYBaNIachk CTIMKICTh XIMIYHUX MIOKA3HUKIB, BOJONOTIMHAHHS,
MOPO30CTIHKOCTI, CTINKOCTI 10 KHCIOT Ta JIyTiB. ENeKTpOHHUI MIKPOCKOTI BiI3HAYUB,
o BB MIT Ha cymimn EC Hacmuenoro MoaudikatopaMu 3 KpUCTaIidyHOI OyI0BH
¢depomarniTHOro Knacy FesOs mix giero MIT (B=0,5 Ti) micTsTh MeHIIEe BYyTemio
(miamMarHeTHK) i KHCHIO (TTapaMarHeTHK) MPH IIbOMY 301JIbLIYETHCSI MacOBa KiNBKICTh
3aji3a B MOpPIBHSIHHI J0 YMOB 0Oe€3 BIUIMBY MarHiTHOro mojs. lle moscHIoeThest
MepeMillleHHsIM  €JIEMEHTIB MiJ BIIMBOM HampasieHoro MII. ®depomarnernk
BTATYETBCS B MAarHiTHHH MOTIK 1 MiABUIIye #oro 3ycHyuli B THCAYi pasiB, a
MapaMarHiTHUA KHCEHb Ha COTi IOJI MpoueHTy. JliaMarHiTHHHA BYTJIEHb 30BCIM
BUIITOBXYETHCSA B MEPIEHIUKYIIIPHOMY HAapsIMKY 110 HampasieHHs MII, skmo Bin
nepeMimaeTbes a00 3HaXOAATHCS B IOTOL MAaTHITHHX JIiHIH.

BucnoBku

1.TToxazaHo HampaBieHHs 3MiHH (I3MYHHX MapaMeTpiB HpPH B3aEMOJIl
MarHeTUTy Ha MpOILeC CKIyBaHHS B 00’€MHiil Maci emOKCHUIHOI CMOJH TiJ Ii€lo
marditaoro nosst (B=0,5 T).

2.BigMiueHO mepeMillleHHs XIMIYHHX €JIEMEHTIB 110 CTPYKTYpi eMOKCHIHOT
CMOJIY TIiJi BIVIMBOM MarHiTHOTO IOJIS1 B HAMPSAMKY HEPHEHIUKYISIPHOMY 10 HOTOKY
MAarHITHHX JiHI{ 3aJ1i3a B CEpeJHY MarHiTHOTO MOTOKY 3 3yCHJUISIM B THUCSYi pa3iB a
KUCHIO HAJOJIi TPOIEHTA MEHIIMM. Byrienb B CHIy CBOIX JiaMarHiTHHX
BJIACTHBOCTEH BHIITOBXYETHCS 3 MaTHITHOTO MOTOKY.
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Metal Fatigue Indicators for Planes, Bridges and Gas Transportation Systems

The concept and recommendations for the application of Fatigue Indicators for Metal
Structures (FIMS), developed at the Kyiv Aviation Institute, are presented. Originally
designed for aircraft fatigue monitoring, this family of fatigue indicators has been
further adapted for use in different metal engineering systems, such as steel bridges and
compressed gas transportation systems. The operation of these indicators is based on
the concept that the extrusion—intrusion pattern formed on a metal surface under cyclic
loading can be used to quantitatively assess accumulated fatigue damage.

1. Introduction.

A fatigue is the main cause of the failure of most metal structures. It is worth
noting that the one of the first impetus for studying the phenomenon of metal fatigue
was associated with a transportation disaster [1].

In aviation, the recognition of the importance of this issue led to the evolution
of design principles: initially, the main criterion was ensuring strength Static Strength
Criteria, and later, principles reflecting an understanding of the specifics of structural
fatigue were gradually introduced: Safe-Life, Fail-Safe, and Damage Tolerance.

Steel bridges are one more very specific category of the transportation system.
Loads on the bridges also cause fatigue damage. These are dead loads, which are the
weights of structural and nonstructural members, live loads, which are loads from
vehicles, wind, snow, people, and dynamic load [2].

Gas Transportation Systems also require fatigue damage assessment. The
loads are generated by internal pressure in pipes, pipelines and cylinders being used
in the transportation of natural gas by ships [3].

For metal structures subjected to the irregular repeated loading the challenge
is to assess accumulated fatigue damage. The used nowadays Palmgren-Miner’s
linear damage summation rule provides only an approximate estimate of accumulated
damage.

2. Concept of Fatigue Indicator for Metal Structures (FIMS)

It was found early [4] that, as a result of cyclical loading of the aluminium-
copper alloy, thin ribbons of material extrude from the slip bands. In the work [5] the
extrusion/intrusion pattern on the surface of alclad 2024T3 alloy was proposed to be
used as a quantitative indicator of the accumulated fatigue damage. Damage
parameter D, describing the saturation of the two-dimensional images of the
deformation relief was used in the analysis of the fatigue.
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For metal components which do not respond cyclical loading by the surface
relief it was proposed to use attachable fatigue indicators made of structurally
sensitive metal. Fatigue Indicator for Metal Structures (FIMS) looks like a tiny
specimen for fatigue test. Firstly the uniaxial FIMS was developed, and then the idea
was extended to the development of a fatigue indicator for biaxial cyclic loading [6].

3. FIMS application for Aircraft.

Fatigue indicators may have a wide range of applications in aviation. At the
same time, in terms of practical implementation, the shortest and simplest way to
implement such a system into the practical sphere is to use it for monitoring fatigue
damage in light aircraft [7]. Fatigue indicator must be installed in the root section of
the wing (for cantilever wing), where the bending moment is a maximum one as well
as normal stresses. In figure 1 fatigue indicator is shown.

Fig. 1. Fatigue indicator for metal structures

4. FIMS application for steel bridges.

The possibility to use FIMS, originally developed for aircraft, for fatigue
monitoring in steel bridges is grounded on a key feature of the FIMS: its surface relief
responds cycles of strain regardless material of the inspected structure.

According to the work [8] typical zones pron to fatigue are: Connections
between floor beams and the main load-carrying members; diaphragms and cross-
bracing connections; coped and cut-short beam ends; orthotropic decks; stringer-to-
floor-beam connections; welding; change in section. Following the trend to design
Structural Health Monitoring (SHM) systems the complex of data, including strain,
temperature, and displacements are collected, but this information do not provide
direct information regarding the transformation of the metal microstructure and the
level of accumulated fatigue damage.

The first generation of indicators for steel bridges is currently under
development. After analysis of bridge components strain it was found that indicators
made of alclad alloy 2024T3 are able to respond the operational strains of bridges
components made of steels S275 and S355 by formation of extrusion/intrusion
structure.

5. FIMS application for Oil and Compressed Gas Transportation Systems.

101



Work [9] presents a compelling comparison between the human circulatory
system and energy transportation systems such as those for oil and gas.

This analogy between technical and biological systems highlights both their
complexity and their critical importance. In the work [3] prospects of the compressed
natural gas (CNG) transportation on vessels are described. CNG transportation does
not require gas liquefaction plants and low temperature storage tanks. The cylinders
are subjected to pressure cycles between 2.5 MPa and 25.0 MPa and therefore require
dedicated fatigue design.

The commonly used pipelines today are made from materials that comply with
API Specification 5L, an international standard developed by the American Petroleum
Institute. This standard specifies the technical requirements for steel pipes used in the
transportation of oil, gas, and other media. The most popular steel grades include: a)
Grade B — a standard carbon steel, and b) high-strength steels such as X42, X52, X60,
X65, X70, and X80. To improve the accuracy of the fatigue damage assessment the
indicator’s mechanical properties should be close to the inspected components. In this
connection the Armko iron can be used because of the known property of this metal
to manifest persistent slip bands under the action of repeated loads [10].

Conclusion.

The informative parameter of the Fatigue Indicators for Metal Structures
(FIMS) reflects a direct sign of metal fatigue - the formation of extrusions/ intrusions
deformation relief. The intensity of this deformation relief is closely correlated with
the accumulated fatigue damage. Since not all structural materials exhibit the
formation of such a deformation relief, fatigue monitoring can be carried out by
analysis of attachable fatigue indicators.

It is advisable to install fatigue indicators on the primary structural elements
of aircraft, bridges, and gas transportation systems.
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