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Introduction

The problem of predicting the residual life of airplanes and helicopters is very relevant for flight safety
because it is necessary to know when to stop flights due to insufficient strength of the structure. At the National
Aerospace University "KhAI", studies on the change of mechanical characteristics of materials and structures
during the accumulation of fatigue damage were conducted. Changes in the modulus of elasticity £, Poisson's
ratio Y, natural oscillation frequency », and the logarithmic decrement (LD) of oscillation damping & were stud-
ied. All of them change with the fatigue accumulation, but the changes occur to different degrees. The modulus
of elasticity, Poisson's ratio, natural oscillation frequency change by 5-10%. The LD & increases by 60—80%.
Equipment that allows to measure this value quickly and simply, without any sensors, has been developed dur-
ing research. Therefore, based on the results of our research, it is suggested to control the service life by chang-
ing the dissipative characteristics of LD.

Determination of fatigue energy parameters and critical crack length

In case of fatigue damage, accumulative LD 9 increases to the limit value §,. The limit value §,, corre-
sponds to the critical length of the main fatigue crack. The limit value §,, is set depending on the amount of energy
spent on the development of the main fatigue crack, taking into account the harmless part of the consumed energy.

With the accumulation of fatigue damage, the growth of LD occurs at the expense of energy expendi-
ture for the growth of fatigue cracks and internal friction. This is taken into account by the coefficient a [1],
which allows to allocate a dangerous part of the energy that goes to the main fatigue crack development.

The problem of durability prediction consists of two stages. The first stage is the determination of
the critical crack length. Then, based on the two values of LD at the corresponding operating load cycles, the
number of cycles to failure — to the critical length of the crack — is predicted by the Peris formula.
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In [1] it is shown that for metals, regardless of the number of cycles to destruction, the share of en-
ergy spent on destruction W, is constant

W, = N{Wm —WUZ H (1)
-1

where Ny is the number of cycles to failure; W, is a total energy that is irreversibly dissipated during load
cycles; W, is the energy dissipated per cycle irreversibly with a stress equal to the fatigue limit (for the base
N/=107 symmetrical load cycles); a is the fatigue failure parameter.

Energy W, is called the "dangerous" part of the dissipated energy from deformation cycles leading to
fatigue failure.

LD & due to the energy dissipated in the sample, the structure and the total energy of elastic oscilla-
tions is determined as follows:

_ AW,

2w,
where W, is the energy of elastic deformation of the body during the load cycle; AW, is the total dissipated
irreversible energy per load cycle.

At destruction, the limit value §,, is equal to the sum of the initial value of LD §, to fatigue load, in-
crease due to dangerous side scattered energy §, and safe part of dissipated energy 3,

5, =0,+06,+9,.

The amount of energy that is spent on the fatigue crack development during one load cycle AW,, can
be found as [2]

8 )

AW, = AG, -AF, 3)

where AF=Ah'Al is the increase in fatigue crack area; Ah, Al are accordingly, an increase in the fatigue crack
depth and length; AG; is the energy required for the development of a crack surface unit.

The wing, fuselage, and strut panels operate in a plane stress state for which this energy AG; is de-
fined as follows [2]:

2
AGI — (AKI) ,

where AK 1=K yax—K1 min 1S the amplitude of the stress intensity factor; £ is the modulus of elasticity.
Formula (1) considers a symmetrical load cycle, for which it is set that K; ,;,=0 [2], then AK|=K] nax.
The stress intensity factor is defined as [2]

K, =o\nl, F, 4)

where o is the operating stress; I, is the crack length; F = f(/)is the relative crack length; I =1.,/b is the

plate width; b is the correction factor taking into account the crack length.
By substituting these values in (3), it is possible to determine the increase in dangerous energy

2 2
oc'nl,F

ddw = dldh. (5)

After integration, (5) can be obtained in general form

2
o

Wd = T(P(ZO ’lcl )(hcl - hO) s

where [, is the initial crack length; [, is the critical fatigue crack length; /4, is the critical fatigue crack depth;

L L
hy is the initial crack depth; function @(l,,,) = (h, —h, )j 1. F*dl = tI 1. F*dl.
ly ly
In the first approximation, it can be assumed that /=0, /.~t, where ¢ is the cladding thickness.
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The limit value of the "dangerous" energy and, accordingly, the LD is determined by the fatigue
crack critical length. Critical crack length /, can be found by the formula [2]

2
1 (K,

lcl = 2 >
nF°\ oy,

where K. is the critical coefficient of stress intensity; o, is the yield strength.
Only part of the energy is spent on destruction, the other part of the energy is spent on internal fric-
tion. Full growth of LD A&, consists of two parts:

AS,=08,+9,,
Full LD §, caused by crack growth, is obtained according to (2).

The ratio of "dangerous" energy per load cycle to all absorbed energy per cycle can be obtained from
relation (1)

B
Wee _ 1- W , (6)
Wi W
where W, is the "dangerous" energy absorbed per load cycle; W, is the total energy absorbed per load cycle;
B=1-a.
On the basis of (2) and (6), the total increase of LD Ad, can be determined

5

e
W

The unknown fatigue failure parameters of the material W.; and B can be determined from experi-
ments during fatigue tests [3, 4, 5] taking into account (7) at different stress levels

S_d_l_(&f. a_d_l_(W_l f
601 I/Vtcl ’ 6c2 VVtc'Z ,

where 0., O, are just like LD, are measured in fatigue experiments at different stress levels; W,.i, W, is the
total energy absorbed per load cycle at various voltage levels corresponding to LD.

AS, = (7

Prediction of total durability
The durability prediction is based on the fatigue crack growth equation [2]

dl
—=C(AK)",
dN
where C and m are constants determined experimentally; AK is the stress intensity factor amplitude.

As mentioned earlier, AK,=K . 18 taken for a symmetrical cycle

dl
dN (K ®

In this expression we have two unknown parameters C and m.
The value K .« is taken from (4) and substituted into (8)

ﬂz C-c” a0 "
dN
Separating the variables and integrating gives
Ly Nf'
I dl ZC‘Gm'TCO-Sm J‘dN,

0.5m m a
LT

where [, is the length of the inchoate crack; N, is the number of cycles before the appearance of an inchoate
fatigue crack; Nyis the number of cycles to failure; o, is the stress amplitude.
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This equation can be transformed into the following form

Yleym) _
B LA ©)
I
/)
where W(l,,,m)= l'[lfrs’”—F’”
On the basis of (9) N, can be defined as follows:

- C'G: .TEO.Sm :
To find the values C and m, at least two LD measurements must be taken for different operating hours.
Value C can be obtained from (10)

Y, ,m)

05 ’
ol -m"-N,

C= (11)
where /.. is the current crack length; N; is the current number of load cycles.
From equation (11), C for two measurements should be
lPl (lcrl’m) — &
Y,(l,p2sm) N,
where ¥, ¥, are values ¥(/.,, m) for two numbers of load cycles; /.1, /., are crack lengths for two numbers
of cycles.
Accordingly, the value m can be determined from the equation

0.5(0.5m—1) 0.5(0.5m—1)
=M S N8
N, 3, N, 6, '

It should be emphasized that the value m is not a constant material characteristic, but a constant
value for a specific part or structural element.
This allows to find the number of cycles to failure N, from the following equation:

0.5(0.5m—1)
(3]
N,=N d (12)

i 0.5(0.5m-1) ?
(5
o

where A, is the number of cycles at the i-th testing stage; 5, is LD on the i-th testing stage; o, is the value LD,
which corresponds to "dangerous" energy that leads to destruction and is found according to formula (7).

According to the values of the full service life (12) and the current value of the fatigue load, the re-
sidual resource N, is found

Nres :Nf_Ni’

where N can be measured in load cycles for samples, in load programs during tests of aircraft components,
aggregates and structures, in flight hours during the operation of aircraft and helicopters.

Conclusion

A method of prediction of the aircraft structures residual resource by changing the logarithmic decre-
ment of the natural oscillations damping has been developed. This technique was verified when testing samples
from alloys 2024, Ti-6A1-4B, steel 449A. Experimentally, according to the methodology developed at KhAl;
o is the parameters of fatigue failure were determined. Experiments on the durability prediction were carried
out at the KhAI on samples that simulated the work on the wing and feathers bending. For this purpose, the
samples were also tested for bending. The results of the tests and predictions are shown in the table.

The experiments analysis shows that at the early stages of testing, the prediction overestimates dura-
bility by 10—15%, the error gradually decreases, and at the last stage of testing, durability is underestimated
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by a margin of 4-5%. It is necessary to conduct a sufficient number of experiments on full-scale structures to
verify this technique and implement it in practice.

Table. Durability prediction on alloy 2024 samples

Oscillations amplitude, mm | Number of load cycles N,'10* d; Durability N 10°
Calculated | Experimental
0 0.0184 - -
2 0.0202 11.80 -
19 4 0.0225 11.54 -
6 0.0258 11.45 -
8 0.0311 10.30 -
10 0.0388 10.00 10.44
0 0.0207 - -
1 0.0225 5.84 -
)5 2 0.0247 5.76 -
3 0.0275 5.64 -
4 0.0316 5.45 -
5 0.0385 5.00 5.22
References

1.

2.

3.

Troshchenko, V. T. (1971). Ustalost i neuprugost materialov [Fatigue and inelasticity of materials]. Kyiv:
Naukova dumka, 268 p. (in Russian).

Troshchenko, V. T. & Sosnovskiy, L. A. (1987). Soprotivieniye ustalosti metallov i splavov [Fatigue resistance
of metals and alloys]. Kyiv: Naukova dumka, 345 p. (in Russian).

Bulanov, V. V., Kirpikin, A. A., & Suslova, A. G. (1990). Voprosy metodiki prognozirovaniya ostatochnogo re-
sursa konstruktsii [Questions of the methodology for predicting the residual life of a structure]. Prochnost kon-
struktsiy letatelnykh apparatov [The strength of aircraft structures]: A collection of scientific papers of the
Kharkov Aviation Institute, iss. 9, pp. 62—67 (in Russian).

Bulanov, V. V. & Kirpikin, A. A. (1978). Ob izmenenii fiziko-mekhanicheskikh kharakteristik kompozitsionnykh
materialov v protsesse nakopleniya ustalostnykh povrezhdeniy [On the change in the physical and mechanical
characteristics of composite materials in the process of accumulation of fatigue damage]. Prochnost konstruktsiy
letatelnykh apparatov [The strength of aircraft structures]: A collection of scientific papers of the Kharkov Avia-
tion Institute, iss. 5, pp. 103—106 (in Russian).

Dibir, A. G., Kirpikin, A. A., & Pekelnyy, N. 1. (2008). Approksimatsiya izmeneniya dempfiruyushchikh kharak-
teristik v protsesse tsiklicheskikh nagruzheniy [ Approximation of changes in damping characteristics during cy-
clic loading]. Otkrytyye informatsionnyye kompyuternyye integrirovannyye tekhnologii [Open information com-
puter integrated technologies]: A collection of scientific papers of the National Aerospace University "Kharkov
Aviation Institute", iss. 38, pp. 8891 (in Russian).

Received 27 February 2023

Bukopucrannsi JorapupMidHOro 1eKpeMeHTY 3racaHHs KOJIUBaHb JJIsl IPOTHO3YBaHHS pecypcy

aBialliiHUX KOHCTPYKIii

M. M. I'pebennikos, O. I'. Jlioip, A. O. Kupnikin, M. 1. ITexensHuit

Hamionansauii acpokocMigHmi yHiBepcUTeT iM. M. €. JKyKoBCbKOTO «XapKiBCHKUN aBialliitHUHN IHCTHTYTY,

61070, Ykpaina, Xapkis, By Ukanosa, 17

IIpobaema npoeno3ysanHs 3aaUWKOBO20 pecypcy NIMAaKie i 6epmonbomis € 0yice aKmyaibHOI0 3 MOYKU 30pY

besnexu norvomis. Y oaniti pobomi Ha 6a3i nPoeedeHUx O0CAIONCEHb 3MIHU MEXAHIYHUX XAPAKMEPUCTUK NPU HAKONU-
YeHHI GMOMU MAMEPIaié NPONOHYEMbC KOHMPOIIOSAMU CIMPOK CAYHCOU NO 3MIHI OUCUNAMUBHUX XAPAKMEPUCUK.
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Ipu 6MmoMHOMY ROWKOONCEHHI HAKONUYYBANLHUT TOAPUPMIYHUTI OeKPEMEHM 32ACanHs KOIUBAHb O 3pOCmAE 00 2pa-
HUYHO20 MAKCUMATIbHO20 3HAYEHHS O, WO 6I0N06I0aE KPUMUYHIL O08XHCUHI MAZICMPANIbHOL 6MOMHOI MPIWUHU, KA
npu3600ums 00 pyunysanus. I panuyune 3HaueHHs 0,, MOdce CMAHOBTIOBAUCS 3ANENHCHO BI0 KITbKOCMI enepeii, sumpa-
YeHOI Ha pO36UMOK MA2ICMPAIbHOT 6MOMHOI MPIWUHY 3 YPAXYBAHHAM HEWKIOAUGO! uacmuHu cnoxcumoi enepeii. 13
HAKONUYEHHAM S6MOMHUX NOWKOONCEHb 02APUPMIUHUL OeKPEMeH 3pOCMaAc 3a PaxyHoK eumpam eHepeii na 30inb-
WeHH 6MOMHUX mpiwun | eHympiwnboeo mepms. Lle epaxosyemvca koeiyienmom o, AKul 0036045€ GUOKPEMUMU
Hebe3neuny yacmuHy eHepeii, wjo tioe Ha po36UMOK MA2iCMpanbHoi 6momMHoi mpiwunu. 3adava npoeHo3y8aHHs 00620-
siyHOCmI cKaadacmuvcs 3 060x emani. Cnouamxy 6U3HA4AEMbCA Oy, O KpumuyHoi 006xcunu mpiwunu. Ilicis yvbozo
3a 080MA 3HAUEHHAMU JO2APUPMIYHO20 deKpemenmy npu GiONOGIOHUX YUKIax Hasanmadicenus 3a gopmyaoro Ilepica
NPOSHO3YI0OMb KINbKICb YUKIIE 00 PYUHYBAHHS — 00 KPUMUYHOI 008XHCUHU MPIUYUHU.

Knrwuosi cnosa: pecypc, nocapu@mivnuii OekpemeHm, eHepais, UmpaieHa Ha pyuHy8aHHs, «Hebesneunay ua-
CMUHA PO3CIAHOL enepeil, KpumuuHa 008HCUHA MPIWUHU.
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