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Abstract

The study investigates the possibility of predicting the residual fatigue life of clad structural aluminum
alloys based on the quantitative evaluation of surface deformation relief formed during cyclic loading. Fatigue
damage accumulation in metallic structures is accompanied by microstructural transformations caused by
dislocation motion along crystallographic planes. These processes lead to the formation of characteristic surface
features such as slip bands, extrusions, and intrusions. Although these structures are three-dimensional, their
development can be effectively assessed using two-dimensional optical microscopy images, enabling quantitative
analysis of the deformation relief evolution during fatigue loading. The research focuses on clad aluminum alloys
widely used in aircraft structures, including D16ATV, V95, 2024-T3, and 7075-T6. A damage parameter D was
introduced to characterize the saturation level of the deformation relief. This parameter is defined as the ratio of
the surface area occupied by deformation relief features to the total observation area. Experimental observations
were carried out using metallographic microscopy at magnifications of 200—400x. The obtained data allowed
regression models to be developed that relate the damage parameter to the relative residual fatigue life. The
proposed approach was extended from regular cyclic loading to simple irregular loading regimes, specifically two-
step loading sequences of the “low—high” and “high—low” types. The results were compared with predictions based
on Miner’s linear fatigue damage summation rule. Experimental fatigue tests on D16ATV alloy specimens
demonstrated that the accuracy of residual life prediction using the deformation relief based damage parameter
depends on the stress range. Within a certain range of cyclic stresses, the developed regression model provides
prediction accuracy comparable to, and in some cases exceeding, that obtained using Miner’s rule. The results
confirm that the saturation of surface deformation relief can serve as a structurally sensitive indicator of
accumulated fatigue damage. The proposed methodology can be applied both to direct monitoring of clad
aluminum structural components and to the fatigue indicators for metal structures of aircraft, bridge, pressure
vessels.
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Introduction

The phenomenon of fatigue damage in metallic structures is studied with the aim of preventing catastrophic
failures, optimizing maintenance, and developing methods for technical condition diagnostics. The existence of a
large number of diverse approaches to assessing accumulated fatigue damage indicates that current understanding
of the fatigue process mechanisms remains insufficiently developed and that further accumulation of experimental
data is required for subsequent generalization. The process of fatigue damage accumulation consists of structural
transformations in the metal which, for a number of metals, exhibit features that can be observed using relatively
simple surface examination methods. As a result of dislocation motion along crystallographic planes, extrusions,
intrusions, and slip bands can be observed on the surface of many metals, forming a deformation relief. These
surface structures are three-dimensional; however, even a two-dimensional digital optical image obtained using a
metallographic microscope makes it possible to quantitatively assess their saturation level and evolution during
cyclic loading. The general form of cyclic loading is irregular loading, i.e., loading in which the cycle parameters
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are not constant during the service life of the structure. This is a typical situation for aircraft structures, which are
subjected to loads of different origins and, accordingly, of different amplitudes, load ratio (cycle asymmetry),
mean stress, sequence of applied loads, uniaxial and multiaxial loading, as well as in-phase and out-of-phase
loading. An analytical assessment of accumulated fatigue damage for such structures under such loading
conditions has not yet been fully resolved. The use of simplified models requires large safety factors, while
instrumental monitoring methods are still under development and have not yet found widespread practical
application. One of the reasons for the imperfection of existing methods is the insufficient attention paid to damage
indicators that are not merely accompanying effects of metal fatigue (such as changes in electrical resistance), but
that directly reflect the nature of the phenomenon — namely, changes in the metal structure resulting from
dislocation motion. Below, key stages of a research cycle devoted to studying the evolution of deformation relief
during cyclic loading are presented. The possibility of quantitative evaluation of the deformation relief of the
cladding layer surface of widely used structural aluminum alloys is demonstrated for both regular and stepwise
cyclic loading.

1. Deformation Relief of Metal Surfaces Formed under Cyclic Loading

As a result of cyclic loading, a deformation relief is formed on the surface of many pure metals and alloys.
The deformation relief caused by the crystallographic slip includes extrusions, intrusions, and rotational structures
of the surface layer of the metals. Detail description of relief components has been done in papers [ 1, 2]. Extrusions,
intrusions and their role in the fatigue cracks forming and propagating in polycrystalline copper considered in the
paper [3]. In the paper [4] it was shown that cyclic loading results in well-developed slip markings in the fully
pearlitic steel. In the research [5] the evaluation of the extrusion/intrusion structure was conducted by the
measuring surface roughness thus predicting location of the fatigue crack initiation. It was found by the authors of
[6] in the results of in situ observations and characterization of the formation of Persistent Slip Bands (PSB) in
micrometer-sized Ni single crystals, that a relatively large number of cycles (>106) was necessary to nucleate
PSBs in microcrystals compared with bulk scale, and correspondingly, extreme fatigue lifetimes were exhibited at
the micrometer scale. The PSB surface have an inherent roughness immediately on formation; then the roughness
of the PSB remains stable with further cyclic loading. The slip traces formed in the first ~10 cycles are also found
to identify the locations where PSBs and cracks form. The grain size effect and initial dislocation density on surface
roughness evolution in Face Centered Cubic (FCC) Ni single crystals during the early number of cycles of
mechanical cyclic loading has been simulated by the authors of the work [7]. For the number of cycles modeled,
larger crystals showed a uniform surface step distribution compared to smaller crystals where the surface
roughness was more localized in surface slip bands. In the work [8] the surface roughness of specimens made of
Medium-Carbon Steel 42CrMo4 (SAE 4140) was measured using a confocal microscope to confirm the surface
roughness evolution. The surfaces of the specimens changed during fatigue testing, moreover, the roughness
evolution of the specimens at several applied stress amplitudes might correlate with the lifetime. Extrusions and
intrusions under cyclic loading do not form in all materials. They were not observed in exploratory experiments
on unclad D16 alloy conducted within the framework of the present study. At the same time, the cladding layer,
formed from commercially pure aluminum or some of its ductile alloys, is sensitive to cyclic loading and exhibits
the formation of surface deformation relief that reflects the process of deformation localization in the crystal at the
micro-, meso-, and macro-levels.

2. Formation and Evolution of Surface Deformation Relief in Clad Aluminum Alloys

The surface deformation relief of clad aluminum alloys was investigated in order to develop a method for
evaluating accumulated fatigue damage. The deformation relief that forms on the surface of aluminum alloys
DI16ATV, V95, 2024-T3, and 7075-T6 was studied. A typical appearance of the deformation relief on the polished
surface of D16ATYV alloy specimens after cyclic loading is shown in Fig. 1. The number of loading cycles and the
percentage of the consumed fatigue life are indicated.
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Fig.1. Evolution of the surface deformation relief in the process of the cyclical loading: a) N=30000 cycles (1.9%); b)
N= 100000 cycles (6,3%); c) N= 400000 cycles (25,2%). R=0; 6 max=147,0 MPa
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For the quantitative evaluation of the saturation of the deformation relief and the corresponding
accumulated fatigue damage, a damage parameter was proposed. This parameter is defined as the ratio of the
surface area exhibiting features of deformation relief to the observation area. The size of the observation area was
0.3 x 0.3 mm. In the present study, optical images were obtained at magnifications in the range of 200x — 400x.

The deformation relief was investigated during fatigue testing of aluminum alloy specimens under uniaxial
tension and cantilever bending with different loading cycle parameters, under biaxial loading with in-phase and
out-of-phase conditions, and under simple block-type irregular loading regimes. Typical curves describing the
evolution of the deformation relief are shown in Figs. 2 and 3.

Experimental data on the evolution of the damage parameter during cyclic loading made it possible to
obtain regression models for predicting the critical state, in which the relative remaining number of cycles Ny is
considered as a function of the damage parameter.
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Fig.2. Dependence of the damage parameter D on maximum sress of the cycle under the axial cyclical
loading: 1 - 6max=76,9 MPa; 2 - 6max=81,7 MPa; 3 - 6max=96,2 MPa; 4 - 6max=105,8 MPa; S - 6max=115,4 MPa;
6 - omax=129,8 MPa, 7 - 6max=134,6 MPa. Stress ratio R=0
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Fig.3. Evolution of the damage parameter D at the fatigue test by cantilever bending: 1- R =0;2 - R=0,3; 3
-R =0,42;4-R=0,5; 5— R=0,6

The model for predicting the residual fatigue life can be constructed by transforming the model of the
evolution of the parameter D during cyclic loading. To estimate the residual life, the following correlation
relationship was obtained: Ng, % = 119,29 — 226,3D. The corresponding experimental values are shown in Fig.
4.
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Fig.4. Dependence of the residual life /Vr on the damage parameter D

3. Evaluation of accumulated damage and residual fatigue life under stepped irregular loading.

The summation of accumulated fatigue damage in simplified engineering calculations is most often
performed according to the linear Miner’s rule or its modifications. It is well known that one of the shortcomings
of Miner’s rule is that it does not take into account the sequence of the applied loads. In an experiment conducted
on specimens of the D16AT aluminum alloy under a tensile cyclic loading condition, a comparison was made
between the results of residual life evaluation obtained using the linear fatigue damage accumulation rule and those
obtained using parameters of the deformation relief. The programmed fatigue tests included the implementation
of two-step loading sequences: “high—low” and “low—high” (Fig. 5). The selection of stress levels was based on
durability data obtained under regular loading regimes.
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Fig.5. Scheme of two step block loading: n1 — number of cycles at first step; n2 — number of cycles at second step;
n4 — number of cycles at which the damage was assessed

After the implementation of two loading steps, the tests were continued while recording the number of
cycles up to the initiation of a fatigue crack and up to complete failure. The following quantities were determined:
the damage parameter D and the corresponding residual life at a given cyclic loading level according to the
regression model presented above; the relative damage according to the Miner rule and the corresponding residual
life; the relationship between these quantitative indicators and the sequence of loading application; and the
assessment of the adequacy of the Miner rule and of the method for determining accumulated damage based on
the deformation relief state. The relative damage and the sum of relative damages were determined with respect to
the moment of formation of a crack with a length of 1.0 mm. The basis for calculating the relative damages
according to Miner’s theory was the previously obtained fatigue curves. Two series of tests were carried out: with
a transition from a lower stress level to a higher one, and from a higher stress level to a lower one. In the first
series, the “low” stress level was 79.0 MPa and the “high” stress level was 108.0 MPa. In the second series, the
“low” stress level was 79.0 MPa and the “high” stress level was 133.0 MPa. The selection of stress levels was
based on data on fatigue life under regular loading conditions and on the results of monitoring the deformation
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relief. Conditions were taken into account under which the exhaustion of the fatigue life is determined by the
damage parameter D, regardless of the level of cyclic stress, as well as conditions under which the determination
of this parameter is not sufficient for reliable prediction of the remaining number of loading cycles. The loading
regimes of both steps in the first series of programmed tests corresponded to the stress range in which the
exhaustion of fatigue life can be determined by the damage parameter D regardless of the level of cyclic stress,
whereas the loading regimes of the second series of tests were partly outside this range. In tests performed
according to the “low—high” scheme (79.0 MPa — 108.0 MPa), the average value of the sum of relative damages
was ), n/N = 1.089. In tests according to the “high—low” scheme (108.0 MPa — 79.0 MPa), the average value of
the sum of relative damages was ), n/N = 1.138. As can be seen, loading with a transition from a lower stress
level to a higher one produces a greater damaging effect than loading with a transition from a higher stress level
to a lower one, which, according to data reported by other authors, may exhibit a strengthening effect. The features
of the damage accumulation process were also considered for loading regimes outside the range from 70.0 MPa
to 120.0 MPa, within which the damage parameter is determined by the relative cyclic life and does not depend
on the stress level. In tests performed according to the “low—high” scheme (79.0 MPa — 133.0 MPa), the average
value of the sum of relative damages was ), n/N = 0.796. In tests performed according to the “high—low” scheme
(133.0 MPa — 79.0 MPa), the average value of the sum of relative damages was ), n/N = 1.605.

Table 1 presents the results of calculating the residual fatigue life both according to Miner’s rule and using
the damage parameter.

Table 1
Results of residual fatigue life evaluation under a two-step loading program
Loading scheme Residual Mean value of Mean value of Mean value | Mean prediction
life the residual the residual of the error when using
according fatigue life fatigue life prediction the damage
to Miner’s | according to the according to the error when parameter D
rule damage experiment, using
Ares, parameter n,, ,cycles Miner’s rule
cycles D, nyesp,
cycles
79MPa-108 MPa 61596 69547 68380 9,82 -1,806
108 MPa -79 MPa 119 148 131488 166800 28,36 20,78
133 MPa -79 MPa 115582 131501 216933 45,36 37,3
79 MPa - 133 MPa 34 531 34654 27166 -52,43 51,21

The results of the residual life calculations presented in Table 1: a) according to the Miner rule; b) according
to the damage parameter D determined by the developed methodology after two stages of programmed loading
and the corresponding regression model of life consumption, as well as the actual fatigue lives obtained
experimentally, make it possible to conclude that within a certain range of loading regimes the obtained regression
model of life consumption allows the residual life to be determined with an accuracy that exceeds the accuracy of
life estimation according to the Miner rule. The agreement of the residual life calculation methods, both according
to the Miner rule and according to the prediction methodology based on the damage parameter D, decreases with
increasing levels of the applied stresses.

At the same time, the prediction obtained by both methods gives an overestimated result for loading
according to the “low—high” scheme and an underestimated result for loading according to the “high—low” scheme.
Thus, the regression model of life consumption developed on the basis of regular fatigue tests makes it possible to
evaluate the residual life of aircraft structural elements without the use of additional calculations within a certain
range of programmed loading regimes.

4. Implementation of the Surface Deformation Relief Phenomenon in Fatigue Damage Indicators for
Metal Structures

One of the applications of data concerning the evolution of the surface deformation relief of clad aluminum
alloys is a method that involves installing fatigue indicators for metal structures (FIMS) on loaded structural
elements of various purposes. The need to use such indicators arises from the fact that a significant number of
structural materials do not exhibit the formation of surface deformation relief under cyclic loading and do not
possess a cladding layer that belongs to PSB (Persistent Slip Band) metals, i.e., metals on whose surface extrusions,
intrusions, and slip bands can be observed during cyclic loading. The results of this work demonstrated that the
surface deformation relief can be considered an indicator of fatigue damage. When such an indicator is attached
to the surface of loaded structural elements, a correlation can be established between the damage in the indicator
and the damage in the structure, making it possible to assess the exhaustion of the fatigue life of the structure. For
many structures, another solution is more optimal, namely, the use of structural alloys with a cladding layer instead
of single crystals. The basic configuration is an indicator specifically developed for aircraft fatigue monitoring
(Fig. 6). In this case, the cladding layer of the indicator serves as the fatigue damage indicator, whose sensitivity
to cyclic loading was demonstrated above. The sensitivity of the indicators is determined by their geometry. The
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loading regimes of some other engineering structures indicate the possibility and expediency of using structurally-
sensitive fatigue damage indicators.

40

@,

Fig. 6. Basic configuration of the Fatigue Indicator for Metal Structures

After analyzing the deformation of elements of steel bridges [10], it was established that indicators
manufactured from 2024-T3 clad alloy (Alclad) are capable of responding to the service deformations of bridge
elements made of S275 and S355 steels through the formation of a surface deformation relief [18]. Another
potential application of fatigue indicators for metal structures is the monitoring of fatigue damage in oil and gas
transportation systems, for example for Compressed Natural Gas (PNG) pressure cylinders [12, 13].

Conclusions

The study of the evolution of the surface deformation relief of clad aluminum structural alloys indicates a
close correlation between the density of the deformation relief and the accumulated fatigue damage within a certain
range of cyclic stresses and the corresponding strains. Under irregular two steps cyclic loading, this phenomenon
makes it possible to predict the residual life with an accuracy that is not inferior to, and within a certain range even
exceeds, the accuracy of prediction based on the Miner rule.

The obtained conclusions can be implemented both in the direct monitoring of the technical condition of
structures made of clad aluminum alloys and in the application of fatigue indicators for metal structures.
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Kapyckesnu M.B. , Macaak T.I1. , KapyckeBuu O.M. , Kopuyk B.I. [ledhopmaniitauii penbed moBepxi
SIK 1HIMKaTOp BTOMHOT'O ITOIIKO/DKEHHS TIPH CTYIIHYaTOMY IIMKJIIYHOMY HaBaHTa)KyBaHHI

Y poboTi OOCHIIKEHO MOXKIHMBICTD MPOTHO3YBAHHS 3AMIIKOBOTO pECypcy BTOMH IIIAKOBAaHUX
KOHCTPYKILIHHIX aTIOMiHI€BUX CIDIaBiB HAa OCHOBI KiJIbKICHOI OIIIHKH TIOBEPXHEBOTO AcdopmariitHoro pensedy,
mo ¢GOopMyeThCsA MiM Yac IWKIIYHOTO HaBaHTa)XKEHHA. HakomWdeHHS BTOMHHUX MOIIKOMKECHb y METaleBHUX
KOHCTPYKIISIX CYNPOBOKYETHCA MIKPOCTPYKTYPHHUMH IEPETBOPEHHSAMHE, 3YMOBJIECHHMH PYXOM IHCIOKAIlii
Y3I0BX KpHACTanorpadivHUX IUIONIMH. Y pe3yibTaTi IUX IPOIeCciB Ha HOBEPXHI METaIy yTBOPIOIOTHCS XapaKTepHi
CTPYKTYpHI €IEMEHTH, 30KpeMa CMyTH KOB3aHHS, CKCTPY3il Ta iHTpy3ii. X0oda I1i CTpyKTYpH MalOTh TPUBUMIpHUH
Xapakrtep, X PO3BUTOK MOXe €(DEKTHBHO OILIHIOBATHCS 3a JIONMOMOTOI0 JBOBHMIPDHHX ONTHYHUX 300pa)kKeHb,
OTpPUMAaHUX 32 JIOTIOMOTOI0 MeTanorpagiuHOro MiKpOCKOIa, IIO0 JI03BOJISIE KUIBKICHO aHalli3yBaTH €BOJIOLIIO
nedopmaniiiHoro penbedy Mmig Yac BTOMHOTO HaBaHTaXEHHs. JIOCHI/DKEHHS NPUCBSYEHE IJIAKOBAHUM
ITIOMIHIEBUM CILIaBaM, SIKi IIMPOKO 3aCTOCOBYIOTHCS B aBialliiHMX KOHCTPYKLIsX, 30KkpeMa ciuiaBam J[16ATB,
B95, 2024-T3 ta 7075-T6. JIns XapakTepUCTUKU CTYIICHS HACHYCHHS NedopMaliiHoro penbedy 0yiIo BBEICHO
napameTp nomkoukeHHs D. Lleli mapaMeTp BU3HAYAETHCS SIK BiTHOLIEHHSI IIJIOIL IOBEPXHI, 3aiHATOT eleMeHTaMu
nedopmanifHoOTO penbedy, A0 3arajbHOi IUIONII CIIOCTEPE)KEHHA. EKCIIeprMEHTalbHI  CIOCTEPEeKeHHS
MPOBOIUIACS 32 JONOMOror Merajorpadignoi wmikpockomii npm 30impmenai 200—400*. Otpumani
eKCTIepUMEHTAIIbHI AaHI Jalli 3MOTY MO0y TyBaTH perpeciiiHi MOAEN, O OB’ A3yI0Th TapaMeTp MOIMIKOKEHHS 3
BITHOCHMM 3aJIMIIKOBUM PECYpPCOM BTOMHM. 3allpOIIOHOBAHUM MiJXiA OyJO MOIIMPEHO 3 YMOB PETYJISIPHOTO
[UKJIIYHOTO HAaBaHTAXEHHS Ha IPOCTI PEXHMMH HEPEryJISIPHOTO HABAHTAXXCHHS, 30KpeMa Ha IBOCTYIIEHEBI
NpOrpaMH HAaBaHTAXXEHHS THUIY «HU3bKUH—BHUCOKMI» Ta «BUCOKMI—HHM3bkH». OTpuMaHi pe3yibTaTH
TIOPIBHIOBAJIUCS 3 NPOTHO3aMHM, BUKOHAHMMH 3a MPABUJIOM JIIHIIHOTO MiJICYMOBYBaHHS BTOMHHX MOIIKOJKEHb
Maiinepa. ExcriepumenTanbHi BUIIpoOyBaHHs 3pa3kiB 3i ciiaBy [ 16ATB moka3zainu, 1110 TOYHICT POTHO3YBaHHS
3aTUIIIKOBOIO PECYpCy Ha OCHOBI MapaMmerpa aeopManiiHoro penabedy 3al1eKuTh Bijl Aiana30Hy HAMpyXKeHb. Y
MEBHOMY IHTepBaJi UMKIIYHMX HalpyXeHb po3poOlieHa perpeciiHa Mozenb 3a0e3nedye TOYHICTb
MPOTHO3YBaHHJ, KA € HE TIPIIO0, @ B OKPEMHX BUIIJKaX HABITh MEPEBUILYE TOYHICTH OL[IHFOBAHHS 3 ITPABUIIOM
Maiinepa. OTpumaHi pe3yibTaTH MiATBEPKYIOTh, IO CTYNiHb HAaCHYEHHS IHOBEpXHEBOro AedopmaniitHoro
penbedy MOKE pO3MIAAATHCSA SK CTPYKTYPHO YyTIMBUI IHOWKATOpP HAKONMWYEHWX BTOMHHUX IOIIKOKCHB.
3anpornoHOBaHa METOIMKA MOXE OyTH BHKOPHCTaHA SIK JUIS O€3MM0CEepeAHBOr0 MOHITOPHHTY TEXHIYHOTO CTaHY
KOHCTPYKIIIH i3 IJJaKOBaHUX aTFOMiHI€BUX CIUIABIB, TAK i [UIA IHAUKATOPiB BTOMH METAJIEBUX KOHCTPYKIIiH JITaKiB,
MOCTIB, IIOCYIHH IIi/T THCKOM.

KoarouoBi ciioBa: BTOMa, IutakoBaHi cruiaBy, AedopMauiiiHuil penbed, 3aIUIIKOBUI pecypc, IHAUKaTOpH
BTOMM.



