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1. Introduction

This paper presents the overview of scientific and engineering research activities
related with fatigue and structural integrity issues in aviation industry of Russian
Federation. It gives some understanding of the key problems in this field, and outlines
some results of experimental and computational studies on fatigue and damage tolerance
of airplane structures that had been carried out during 2017-2019 period.

The aeronautical investigations highlighted in the review are devoted to the problems
of the failure regularities of structures and their components (for both metal and composite
materials cases); experimental studies on specimens tested in accordance with test
standards; the full-scale structural tests and tests of subcomponents;

Included in review are some test approaches that had been formulated to provide the
equivalent programs for metal-composite structures loading under full-scale test on fatigue
and damage tolerance with further recommendations on service-life tests.

Basing on the set of the results of experimental studies the methodological
approaches had been developed for evaluation and analysis of design values of structural
fatigue characteristics and characteristics of fracture of the given type of the structure.

It also includes the approach ad methods to provide the safe operation of Russian
airplanes structures with high-time service lives (aging airplanes).

This review does not cover all the activities of Russian research organizations,
universities and institutes on the topic of aeronautical fatigue and is based on the
information contributed by organizations and individuals.

This review contains the information permitted for public release or taken from open
sources with no limitations for publication or presentation while ICAF 2019 Symposium
and Conference.
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2. Aviation regulations

2.1.New version of AR, part 21

In order to renew the version of AP 21 regulations, as well as to take into account the
proposals and notes by aircraft developers, the Scientific - Expert Council of the Aviation
Board of Government of the Russian Federation continue the work on draft of the Federal
Aviation Regulations of RF regarding certification of aviation equipment, development
organizations and manufacturers. Part 21.

Some changes will be related with requirements to Certification centers, their
accreditation the authorized body and testing laboratories (centers), as well as working bodies
participating in the certification of a specific type of AT. More attention will be payed for the
role of the designated Certification Centers and the Independent Inspectorate in the
Applicantds organization related to certifica

2.2.Recommendations on compliance with Aviation Rules of Russian Federation,
part AP-25.571

Gvozdev SAGlagovsky A.A., Dubinsky V.S., Dubinskife$dénbaum YuZM.
Konovalov V1V.Nesterenko G.l.Pankoy.V!, Sadikov D.A., ighius V..B,,
E.SMetelkid, Ordyntsev VIMZhelonkin SV.

1. TsAGI, Zhukovsky, Russia

2. GosNIIGA, Moscow, Russia

3 Aerocomosit , Moscow, Russia

The computational-experimental studies of fatigue of aircraft structures cited in recent
years were carried out in order to fulfil the requirements set out in the RC-AP-25.571-1A
advisory circular AAssessment of damage tol er

This circular was developed by the above-mentioned specialists of TSAGI, GosNIl GA
and design companies in 2015. The circular contains recommendations for ensuring the
safety of long-term operation of the aircraft during the development of its design at the design
stages, the testing of elements, parts and full-scale design as a whole and during the
maintenance of the arcr af t 6s ai rworthiness during the
decommissioning.

The aircraft structure refers to the design of the airframe, engine mount, landing gear
and mechanical elements of their cleaning-release, the mechanical elements of the control
system and the configuration of the elements that provide mutual power docking of the parts
of the airframe and units. The airframe structure is assumed to be made from both metal and
composite materials.
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The recommendations set out in the local circular RC-AR-25.571-1A are mainly
harmonized with the recommendations outlined in the FAA advisory circular AC No:
25.571-1D. But there are a number of sufficient differences in these two advisory circulars.

In the local RF advisory circular it is recommended to use the principle of a gradual
increase in the values of permissible operating practices (flights, flight hours, calendar life).
Basic conclusions on the operation of the fleet and individual Conclusions on each side of
the aircraft are issued at intervals of 4-5 years and 2 years, respectively. Local reference
circular gives sizes of initial manufacturing defects for structures made of metallic
materials:

0.5x0.5 0.5x0.5
Quartecorner cracks on both Surface crack at fillet
Through cracks on both sides of sides of the hole at thick transitions
the hole at thin shesith a sheets, plates, plates

thickness of

Figure 2.1  Typical damages or initial manufacturing defects recommended for
considerations while analysis

For structures made of metallic materials, the specified damage is shown in the
figure below. The survivability of structures with regulated damages (duration of crack
growth and residual strength) is checked at the end of a full-scale test of a full-scale
aircraft. In the local Russian advisory circular AC-AP-25.571-1A, recommendations are also
given on how to provide the safe operation of airplanes that have primary structure and \or
load bearing elements made of polymer composite materials (RFPs). They include
methodology basis for the formation of a multitask experimental studies of composite
structures; the main additional requirements for the method of conducting fatigue (service life)
tests of structures made of composites; categorization of composite structure damages.

KpbL10 —  Poer> 0,67P°
Prozemstk — Poer > 0,67P°
Pocrz 1,15 App:u’)

Figure 2.2 Airframe regulated damages
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3.  Aluminium alloy and streel fatigue research

3.1.Comparison of fatigue and crack resistance characteristics of contemporary
aluminium alloys

Basov V.N.Kim A.§.Kulemin Al Nesterenko G.Nesterenko BZG.
1. TsAGI, Zhukovsky, Russia
2. NnNat i on afZhulReskystitute dlbsco®@,droskia r

Aviation aluminum alloys currently remain the main structural material of transport
aircraft. To ensure high weight efficiency in combination with a large service goal and high
characteristics of damage tolerance of aircraft structures, aluminium alloys should have
the following set of necessary characteristics: high resistance to variable loads, low
development rate of fatigue cracks, required residual strength, good corrosion resistance.

The research was performed mainly as the experimental studies of fatigue and crack
resistance of contemporary advanced aluminium alloys, developed in Russian Research
Institute of Aeronautical Materials (VIAM) and at ALCOA (USA). Experimental studies
were carried out in TSAGI. Characteristics of materials are determined by testing standard
samples on electro-hydraulic machines. These materials are used in the structure of most
operated airplanes.

Given below are some results on these studies.
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250 250
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Figure 3.1.1 Fatigue curve of the wing lower Figure 3.1.2 Fatigue curve of the wing upper
surface material surface material
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Figure 3.1.5 Fatigue curve of the fuselage Figure 3.1.6 Crack growth curve of the
skin material fuselage skin material
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Figure 3.1.7 R-curves of the wing upper and lower surface material
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Figure 3.1.8 R-curves of the fuselage skin material
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3.2. Multi-approach study of crack-tip mechanics on aluminium 2024 alloy

A.S. ChernyadirP. Lope€respb, B. Moreitnp Yu.G. Matvierko
1)Mechanical Engineering Research Institute 8f khesBdw, Russia
2)Department of Civil and Materials Engineering, University of Malaga, Malaga, Spain

This joint work presents a comprehensive study for characterizing the crack-tip
mechanics and fatigue crack propagation in an aluminium 2024-T351 alloy. It combines
information obtained from three different sources: fullfield displacement information from
digital image correlation, analytical modelling of the crack-tip field and SEM fractographies.
The displacement data measured around the crack-tip are fitt ed to a Wil | i &
development in order to evaluate singular and non-singular terms of the crack-tip field. The
procedures also allows rigid body motion to be corrected and the crack-tip coordinates and
crack orientation to be estimated. Fatigue striations from the fracture surface were analysed
with SEM in order to estimate the crack growth rate for different boundary conditions.
Representation of all the results together with the Paris law data of the alloy allows the
procedures to be cross-validated and to fit with a good agreement micro-scale measurements
with continuum mechanics estimations.

Compact Tension specimens were used in this work. Samples were made of Al 2024

T351 materi al (Youngods modul us, E=73.engthGP a,
0 y = 3\#P&). The geometrical parameters are as follow: W=50 mm, B=12mm . All samples
were fatigue pre-cracked. Thepre-cr acki ng was i mpl emented by a

and load ratio of 0.1. The crack length was monitored with the help of alternating current drop
potential system . The crack length was taken as the maximum running ACPD value at a rate

of 200 data/cycle over 20 cycles. Once the three experiments were fatigue pre-cracked, the

crack was grown by applying a constant load (i.e.increasi ng @KI ). The resul't
were 25.5, 34.9 and 37.6mm for specimens S1, S2 and S3, respectively. An 8-bit black and

white camera with 5 mega-pixels was used to record the data with a close-up lens with a
working distance of approximately 93 mm. The area of interest was illuminated with fibre optic

ring light attached to the lens. Different crack lengths (a) and different loads (F) were studied

in this work. Figure 3.2.1 shows the displacement fields measured by DIC (uexp and vexp) for

a specimen with crack length a=25.5mm subjected to a 4.95 kN load.

b

VP::'L‘

10
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Table 3.2.1 shows the results of calculations of the state parameters for the three
specimens. In addition, biaxiality parameter, b and the ratio a/W are included in the table
for assessment of T-stress depending on specimen geometry . Similar to previous works,
the biaxiality parameter increases in magnitude as the a/W ratio is increased . The
differences observed with the literature data might be due to experimental error. This
suggests a larger sensitivity to experimental error of T-stress compared to the SIF.

Table 3.2.1

Comparison of the results of the crack-tip location.

Specimen S1 S2 53

Optical Algorithm Optical Algorithm Optical Algorithm

Xp [mm] 1.70 1.7178 —2.66 —2.5832 —-2.07 —2.0542
Xy difference —0.0178 —0.0768 0.0158
[mm]
Y, [mm] 0.21 0.17944 0.27 0.30981 0.12 0.18547
Y, difference 0.03056 —0.03981 —0.06547
[mm]
Total 1.17 0.51 1.59
difference
[mm]

Comparison of the results of the SIF computation.

Specimen S1 S2 S3

ASTM  Algorithm ASTM  Algorithm  ASTM  Algorithm

Kr [MPavm] 18.38  19.55 10.01  10.52 9.80 11.39
Error in K; [%]  —6.36 —4.85 —16.22

s

% 8 \
\\v ‘\\ ~-

o

15kV © . X4,000 5pm 0000 1040 SEI 15kV. X4,000 5pm 0000 1040 SEI

15kV  X6,000"%. 2um 0000 09 40 SEI

Figure 3.2.1 SEM fractographs of samples (a) S1, (b) S2 and (c) S3. The blue arrow
indicates the direction of crack growth.

11
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The average striation spacing for samples S1, S2 and S3 was 0.43, 0.55 and 1.19

e m, respectivel y. As s umi ncrack prbpagatiorato be craak-tiph a n i

blunting and re-sharpening, it is possible to infer the propagation rate based on the
striation spacing. In order to use the fracture surface observations as a benchmark for the
estimated SIF, the nominal SIF was computed for the crack lengths where the striations
were found. These are plotted together with some Paris law data available in the literature
for the same alloy and load ratio . Figure 3.2.2 shows the results of the estimated SIF
described in the previous sections (green squares). It is observed that all the propagation
rate estimations agree well with the literature. A slight offset is observed in the SEM data,
probably due to the scattering often observed in striation spacing. Such scattering is often
caused by the changing orientation of the striation alignment. Nevertheless, the overall
good agreement between the estimated SIF values, the SEM measurements and the data
from the literature is useful as a validation. The very small scattering in the data suggests
that a combination of SEM fractography and DIC analysis could be used to estimate Paris
law data for other alloys. Such estimation would be feasible for cases where striations are
created during the propagation. Nevertheless, further analysis would be required to verify

the validity of this approach through a |
1.E-01 ;
1.E-02 ;
1.E-03 1
2 ]
@]
S ]
é 1.E-04 1
g ]
Z 1.8:05 o Test 1, ref [61]
s
o 1.E-06 ' o Test 2, ref [62]
E o
1 S Fractography
1.E-07 5
] mDIC
1.E-08 : :
90 900
AK, MPaVvmm

Figure 3.2.2 Crack propagation data from different sources plotted together with data
obtained the SEM fractographies and the DIC estimations of the SIF.

As a conclusion to the work it could be stated that a new algorithm for mathematical
processing of the experimental displacement fields was obtained by DIC. The method
allows automatic evaluation of the crack-tip position and the crack orientation through a set
of geometrical parameters. The new method has a great potential for application on full
scale objects because the methodology accounts for the shifting and rotation of the region

12
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of interest studied. The displacement field measured by DIC was used to extract singular
and non-singular terms of crack-tip field, the crack-tip coordinates and the crack
orientation. The efficacy of the approach has been demonstrated on real fatigue crack and
therefore makes the approach particularly useful for fatigue crack growth studies. The
methodology allows automatic tracking of a fatigue crack with simultaneous determination
of the fracture mechanics parameters without additional corrections from standard DIC
surface observations. Comparison between the different approaches has allowed
validation of the mathematical tool and also micro-scale observations (SEM) to be
matched with continuum mechanics analysis at the crack-tip.

3.3.Influence of the biaxial loading regimes on fatigue life of 2024 aluminum alloy
and 40crmnmo steel

V.E. Wildemann, M.P. Tretyakov, O.A. Staroverov, A.S. Yankin
Perm National Research Polytechnic University, Perm, Russia

The work studies the fatigue life of metallic materials under various schemes of
multiaxial non-proportional loading which lead to the occurrence of a complex stress-strain
state. We present the results of the experimental study of the fatigue life of 40CrMnMo
structural alloyed steel and 2024 aluminum alloy under biaxial cyclic loading. Cyclic tests
were carried out on the Instron ElectroPuls E10000 biaxial electrodynamic test system
under joint tension-compression and torsion of solid cylindrical corset-type samples. The
methodological issues of conducting cyclic tests with a mixed modes loading are
considered and the corresponding new experimental results are obtained. The
experimental data were presented in the form of points on the graphs and corresponding
approximating lines which reflect the dependence of the number of cycles to failure on the
relative values of the constant components of the tangential and normal stresses. In all the
tests, the specified values of the additional parts of the stress components did not exceed
the values of the corresponding conditional yield strengths, which were previously
determined in the quasistatic tensile and torsion tests for each material. Based on the test
results, the influence of the constant component of tangential stresses on the fatigue life of
the materials under cyclic tension-compression was evaluated, and the effect of the
constant component of normal stresses on the fatigue life under cyclic torsion was
considered. It is shown that because of the constant stress components, both under cyclic
tension-compression and cyclic torsion, there is a decrease in the number of cycles before
the specimens break. The obtained data demonstrate the necessity to estimate the
allowable limits of the constant parts of the stress components, which will not lead to a
significant reduction in the fatigue life of structures operating under cyclic loading
conditions.

13
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Figure 3.3.1 Dependence of fatigue life of 2024 alloy tacyclict ensi on wi t h ampl i
0. &{1)an d o= 0 .06 (B)&ersus constant component of shear stresses

3.4.Mechanical behavior of x15crnil2-2 structural steel under biaxial low-cycle
fatigue at normal and elevated temperatures

E.V. LomakirM.P. Tretyalkkp.V. llinyRhA.V. Lykova
1) Lomonosov Moscowat& University, Mosdlussia
2) Perm National Research Polytechracsitynivverm, Russia

The results of the experimental studies of the low-cycle fatigue characteristics of heat-
resistant structural X15CrNil2-2 steel for aircraft purposes (chemistry: C i 0.13%; Cr i
12.5%; Si i 0.05%; Ni 1 2.05%; Mo 1 1.50%, W i 0.70%; Nb i 0.20%; V i 0.20%) under
biaxial cyclic loading are presented. For cyclic tests a specialized Instron 8850 two-axes
testing system was used which allows the planning of cyclic and static tests with an arbitrary
stress sequence under the conditions of tension and torsion. The Epsilon 3550-010M dual-
axis dynamic strain sensors for testing at normal temperatures and the Epsilon 3550HT-025M
for testing at high temperatures were used to determine the values of axial and shear strains
during the experiments. The test methods for biaxial cyclic loading under normal and elevated
temperatures are described which allows to analyze the mechanical behavior and structural
steel destruction processes under plane stress conditions. The tests results of X15CrNil12-2
heat-resistant alloy under low-cycle fatigue at different temperatures and cyclic strain paths
with proportional and non-proportional changes in axial and shear deformations are
presented. For different types of tests hysteresis loops are rep-resented in the form of
dependences of normal and shear stresses on axial and shear defor-mations, respectively. It
is shown that the durability of X15CrNil12-2 steel in these parameters significantly depends on
the cyclic strain path, the shape of the cycle and the test temperature. In the case of non-
proportional deformation, the fatigue life of X15CrNil2-2 steel decreases 1.5-2 times as
compared with the proportional loading at different test temperatures. Depending on the strain
path, a significant decrease in fatigue life at a temperature of 600 ° C by 17-44% in
comparison with the room temperature was observed.

14
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Figure3.4.1 Servohydraulic test s y-axisgsransénsossinstalled 8 8 5 C
on the sample for testing at normal (b) and high temperatures (c)

Figure 3.4.2 Samples with attached thermal couples (a) and heat insulation laid down on the
upper surface of the high-temperature furnace (b)

15
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Figure 3.4.3 Characteristic hysteresis loops of low-cycle fatigue at room (a and b) and high
temperatures (c and d) and three different cyclic deformation diagrams (blue 1
simple loading with a triangular cycle mode, red is simple loading with M- the
figurative cycle mode, green color i complex loading)

The work is a part of research performed in related work with aviation engine
manufact ur&gvi aldH @ at e | edperimental nstudles &f dhermomechanical
fatigue structural steels at increased heating and cooling rate. That includes investigation
of the resistance characteristics of low-cycle thermomechanical fatigue of structural steels
and alloys under conditions of cyclic heating to 1000 ° C in air at heating rates and cooling
the samples to 25 ° C/s and testing at different phases and laws of stress, axial

deformations and temperatures.
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