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Summary. The paper presents experimental results directed on the development of new empirical
criterion for multiaxial fatigue. The proposed criterion may be applied for materials responding the cyclical
loading by the formation of deformation relief, i.e. system of extrusions, intrusions, persistent slip bands. The tests
were carried out on aluminum alloy D16AT, the aluminum cladding layer of which is able to react cyclical loading
by formation and evolving of relief pattern.
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Introduction. The standard mechanical performances of structural materials taken for
the design of machines and vehicles have the results of the tests from the uniaxial loading. Basic
information about the behavior of structural materials under cyclic loading is represented by
the Wohler curve, also obtained under uniaxial loading. At the same time, most of the
constructions work under multiaxial loading conditions. For practical use of standard
characteristics of materials in such conditions, equivalent stresses calculated in one way or
another are used, i.e. tension stresses providing the same equivalent multiaxial damage. The
relevance of the problem, the variety of materials and the conditions of their loading led to the
development of a set of theories and methods for multiaxial damage calculation. A critical
analysis presented in [1] contains a review of some modern approaches to the calculation of
multiaxial loading strength.

The experimental confirmation of any fatigue life estimation method is the essential step
for the theoretical model, is the possibility to improve and confirm the model. The empirical
model considered in this article also needs theoretical and experimental substantiation, and the
analysis of existing theories of strength shows, it does not counteract to the deformation or
energy criteria used for the multiaxial fatigue analyses.

Extrusion/intrusion structure as an indicator of accumulated uniaxial fatigue. The
conclusion about the possibility to estimate the accumulated fatigue damage under uniaxial
loading by the saturation of deformation relief was done after the many years of single-crystals
of aluminium investigation [2] and the investigation of structural aluminium alloys D16AT,
2024-T3, 7075-T6, B95 [3-4].

The following aspects were studied: surface relief nature as a result of dislocation
motions and effect of crystal orientations, the surface deformation relief evolution under the
cyclic loading, the fractal nature of the deformation relief and its dimensions, geometry of two-
dimensional and three-dimensional relief images, and other processes and characteristics. The
deformation relief was studied with regular and program loadings, the relief monitoring was
carried out under loading with axial loads and under bending conditions.

The conducted research has shown that the deformation relief is a reliable indicator of
accumulated fatigue damage and can be used to predict the residual life of the corresponding
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structural elements. At the same time, it is possible not only to control the damage of structural
elements, but also to use fatigue sensors attached to the structure. Such sensors are mounted on
structural elements, the material of which does not demonstrate the surface relief.

Along with the relief studies conducted mainly by light microscopy methods and
described in detail in [2-4], the new results have been obtained recently using research methods
and techniques of the new generation.

The deformation relief morphology on the surface of pure aluminium of D16AT was
investigated by the Atomic Force Microscope Dimension™ 3100 (AFM) (Figure 1).

Figure 1. Atomic force microscope (a) and 3D character of the deformation relief (b)

The investigation of the persistent slip bands on the surface (Figure 1 b) of the specimens
subjected to the 22000 cycles of loading under the bending with omax=234,5 MPa,
R=0 shows the geometry (table 1) of the extrusion/intrusion structure of the deformation relief.

Table 1

The geometry of the extrusion/intrusion structure of the deformation relief under uniaxial loading

) The range of the height of the extrusion, Deep of the intrusion,
Scan line
he Nm hi'nm
1 272,69-455,02 67,332
2 201,57-276,48 96,79
3 379,69-411,46 25,46

The optical monitoring of the deformation relief evolution proves the origin of the stage
of relief saturation, which depends on the regimes of loading. After the relief, saturation (seen
by the light microscopy) the geometry of extrusion/intrusion structure continue to change. For
example, for the current tests the height of the extrusion reaches to the 1273 nm after 180 000
cycles, increment is in 180%. So, it is mean that the geometry of relief structure continue the
increase and even on the saturation stage. The atomic force microscopy can be as an effective
instrument for the quantitative analyses of the surface deformation relief.

Extrusion/intrusion structure as an indicator of accumulated fatigue under
combined bending and torsion loading. The successful use of deformation relief indicators
to control accumulated fatigue damage under uniaxial loading stimulates the continuation of
research to substantiate the possibility to control multiaxial fatigue damage using previously
proposed damage parameters. The first stage included the testing of compact samples of
the D16AT alloy on a specially designed fatigue test machine that allows combine bending and
torsion loading.

The deformation relief evolution under uniaxial bending loading at Gmax=100MPa, R=0 is
presented on the figure 2. The main deformation relief parameter is the damage parameter D, equal
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to the ratio of black signs area (results of micro plastic deformation seen by the light microscope)
to the total investigated area taken by the light microscope with magnification 250*.

The relief sensitivity to the modes of loading was proved by the compare of relief images
under the combined action of bending and torsion with images obtained under bending (figure 3).
The maximum stress at the bending was 6Gmax=100MPa. The combined action was resulted by the
same value, so the equivalent stress according to Mises criteria was Geq=100MPa as well.
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Figure 2. The deformation relief evolution under uniaxial loading: a) N=60000cycles (5.6% of life span); b)
N=160000cycles (14.9%); c) N=500000cycles (46.5%); d) N=1000000cycles (93%)

Figure 3. The deformation relief evolution under the combined bending and torsion loading at
6e,=100MPa, R=0: a) N=20000cycles (9.8% of life span); b) N=60000cycles (29.3%);
¢) N=130000cycles (63.5%); h) N=190000cycles (92.8%)

The evolution of the damage parameter under bending loading and combined bending and
torsion loading is presented at the figure 4.
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Figure 4. The damage parameter evolution under bending loading (1) with 6Gmax=100MPa, R=0 and under
the combined bending and torsion loading (2) 6e,=100MPa, R=0

The failure of the specimen tested under the biaxial loading (bending and torsion) was at
204800 cycles of loading, and failure of the specimen under uniaxial loading (bending) was at
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1075000 cycles. Thus, the multiaxial loading has more strong effect on the damage
accumulation process; this was proved by the decrease of the number of cycles to failure and
more intensive development of deformation relief.

As it seen from the presented results the deformation relief is sensitive to the mode of
loading and the saturation stage is also reached at different stage of fatigue life.

Extrusion/intrusion structure as an indicator of accumulated fatigue under
combined in-phase and out-of- phase tension/torsion. The presented fatigue tests results
under the combined action of bending and torsion stimulated the expansion of the spectrum of
tests, samples, methods of processing the results and their interpretation. The tests under
combined in-phase (IP) and out-of- phase (OP) loading were carried out with standard
specimens of D16AT alloy (Figure 5) on the Instron 8874 Axial-Torsional Servo Hydraulic
Fatigue Testing System. Inspection of the surface patterns was conducted by light
metallographic microscope Delta Optical IM-100. Among the set of rather expected results
presenting different combinations of loading modes the diagrams of figure 6 indicates the
sensitivity of surface pattern to the mode of loading, whether it is under out-of-phase or under
in-phase loading. This phenomenon requires detailed study.
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Figure 5. Specimen for fatigue tests under combined IP and OP loading
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Figure 6. Damage parameter evolution under combined loading: 1 — out-of-phase; 2 — in-phase loading

The most difficult case of loading in terms of residual life estimation and interpretation
of results is out-of- phase multiaxial loading.

Practical application of the results. It was proved early that the deformation relief
analysis provides rather accurate prediction of remaining life of components made of alcald
aluminium alloys. Example of the aircraft part suitable for this kind of inspection is a skin of
the fuselage. Taking into account the fact of fuselage multiaxial mode of loading and the
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possibility to monitor and analyze features of multiple slip under the multiaxial fatigue the
accuracy of the prediction can be improved. Another way to use discussed phenomena is to
develop new generation of fatigue sensors intended for multiaxial fatigue assessment. The
fatigue sensor can have view of cruciform specimen for fatigue testing being attached by that
or another method.

Conclusion. Deformation relief or system of intrusions, extrusions and persistent slip
bands is a respond of metal dislocation structure on mechanical loading. It has been observed
both under the uniaxial and multiaxial cyclical loading. The number of actuated slip systems
influenced by the stress-strain state: for more components of loading more slip systems are
actuated. The actuating of additional slip systems leads to the changes in the relief morphology.
Thus, the sensitivity of metal structure to the mode of loading and correspondent features of
surface pattern allows application of surface relief for the fatigue assessment not only for
uniaxial loading, but for the multiaxial fatigue as well.

References

1. Kenmeugne B., Soh Fotsing B. D., Anago G. F., Fogue M., Robert J.-L., Kenne J.-P. On the evolution and
comparison of multiaxial fatigue criteria. International Journal of Engineering and Technology. 2012.
Vol. 4. Ne 1. P. 37-46.

2. Karuskevich M. V., Radchenko A. ., Zasimchuk E. E. Single-crystal as an indicator of fatigue damage.
Fatigue Fract. Engng. Mater. Struct. 1992. Vol. 15. Ne 12. P. 1281-1283. https://doi.org/10.1111/j.1460-
2695.1992.th01263.x

3. Karuskevich M., Karuskevich O., Maslak T., Schepak S. Extrusion/intrusion structures as quantitative
indicators of accumulated fatigue damage. International Journal of Fatigue. ISSN: 0142-1123. 2012.
Vol. 39. P. 116-121. https://doi.org/10.1016/j.ijfatigue.2011.02.007

4. Karuskevych M. V., Zhuravel’ I. M., Maslak T. P. Application of Fractal Geometry to the Problems of
Prediction of the Residual Service Life of Aircraft Structures. Materials Science. ISSN: 1068-820X
2012. Vol. 47. Issue. 5. P. 621-626. https://doi.org/10.1007/s11003-012-9436-7

5. Karuskevich M. V., VogtJ. B., Serre I.P., Maslak T.P. Surface relief sensor for Structural Health
Monitoring. Fatigue behaviour: from specimen to structure (JIP 2013): 13-the intern. spring meeting, 22-
23 May 2013. Paris: 2013, P. 18.

CnHcoK BUKOPHCTAHOI JiTepaTypu

1. Kenmeugne B., Soh Fotsing B. D., Anago G. F., Fogue M., Robert J.-L., Kenne J.-P. On the evolution and
comparison of multiaxial fatigue criteria. International Journal of Engineering and Technology. 2012.
Vol. 4. Ne 1. P. 37-46.

2. Karuskevich M. V., Radchenko A. I., Zasimchuk E. E. Single-crystal as an indicator of fatigue damage.
Fatigue Fract. Engng. Mater. Struct. 1992. Vol. 15. Ne 12. P. 1281-1283. https://doi.org/10.1111/j.1460-
2695.1992.tb01263.x

3. Karuskevich M., Karuskevich O., Maslak T., Schepak S. Extrusion/intrusion structures as quantitative
indicators of accumulated fatigue damage. International Journal of Fatigue. ISSN: 0142-1123. 2012.
Vol. 39. P. 116-121. https://doi.org/10.1016/j.ijfatigue.2011.02.007

4. Karuskevych M. V., Zhuravel’ I. M., Maslak T. P. Application of Fractal Geometry to the Problems of
Prediction of the Residual Service Life of Aircraft Structures. Materials Science. ISSN: 1068-820X
2012. Vol. 47. Issue. 5. P. 621-626. https://doi.org/10.1007/s11003-012-9436-7

5. Karuskevich M. V., VogtJ. B., Serre I. P., Maslak T.P. Surface relief sensor for Structural Health
Monitoring. Fatigue behaviour: from specimen to structure (JIP 2013): 13-the intern. spring meeting, 22-
23 May 2013. Paris: 2013, P. 18.

ISSN 2522-4433. Bichux THTY, Ne 4 (96), 2019 https://doi.org/10.33108/visnyk_tntu2019.04 ..........coccevevevevecee.. 49


https://doi.org/10.1111/j.1460-2695.1992.tb01263.x
https://doi.org/10.1111/j.1460-2695.1992.tb01263.x
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevich%2C%20M.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevich%2C%20O.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Maslak%2C%20T.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Schepak%2C%20S.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=19432179
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=19432179
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevych%2C%20M.%20V.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Zhuravel%E2%80%99%2C%20I.%20M.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Maslak%2C%20T.%20P.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=20056313
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=20056313
https://doi.org/10.1007/s11003-012-9436-7
https://doi.org/10.1111/j.1460-2695.1992.tb01263.x
https://doi.org/10.1111/j.1460-2695.1992.tb01263.x
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevich%2C%20M.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevich%2C%20O.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Maslak%2C%20T.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Schepak%2C%20S.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=19432179
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=19432179
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Karuskevych%2C%20M.%20V.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Zhuravel%E2%80%99%2C%20I.%20M.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/search/?i1=au&k1=%22Maslak%2C%20T.%20P.%22
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=20056313
http://discover-decouvrir.cisti-icist.nrc-cnrc.gc.ca/eng/article/?id=20056313
https://doi.org/10.1007/s11003-012-9436-7

Surface deformation relief features under multiaxial fatigue

YK 620.179.1

OCOBJMBOCTI JE®OPMAILIMHOI'O PEJBE®Y B YMOBAX
BAT'TATOOCBOBOI'O BTOMHOTI'O ITOIIKO/J’KEHHA

Muxaiizio Kapyckesuu®; Tersana Macaak'; Jlykam IeiikoBebKkuii’

YHayionanonuii asiayitinuii ynisepcumem, Kuis, Yxpaina
2YJLlieepcumem Hayku i mexnonoeii, buoeow, Ilonvwa

Pestome. Hagedeno pesynomamu ekcnepumeHmanrsHo2o 00CAi0NHCeH s CHPAMOSAHI Ha CIBOPEHHS HOB8020
eMnIpUYHO20 KpUmepilo oyiHio8anHsa 6a2amoocb068020 MOMHO20 NOUKOOMCEeHHA. 3anponoHosanull Kpumepil
MOJCHA 3acmocy8amu Ol Mamepianie, Ha NOBEPXHI AKUX Ni0 Oi€0 YUKTIUHO20 HABAHMANCEHHA (PopmyembCs
Oepopmayiiinuii penved — excmpysii, inmpysii, cmysu Koesanna. Bunpobysanmns nposoounucs ons 3paskie 3
anmominiesoeo cnaagy [16AT, anominiesuii naaxyrouui wap aKoeo peazye Ha YUKAIUHI HAGAHMANCEHHS Y 8USTA0L
Gopmysanna ma esoaroyii Kracmepie penvegpy. UYymaugicmv Oegopmayiiinozo penvegdy 00  6udis
HABAHMAIICYBAHHA OYyia NIOMEepONCeHa NOPIGHAHHAM 300padCeHHs penvedhy 8 YMO08AX 0B00CHLOBO2O
HABAHMANCEHHS, 32UH PA30M 3 KPYYEHHAM 3 penvbepom, Kompui Qopmyeascs HA NOGEPXHi 3paA3Kie, ujo
BUNPOOOBYBANUCS TULE NPU YUKTTUHOMY 32Uni. JJoKkaszano, wjo 6a2amoocbo8e HABAHMANCEHH MAE CUNbHIUUUL
eexm na npoyec HaKONUYEHHS NOWKOOJCEHHA. TaKodc npeocmasieHo pe3yabmamu O0CIIONCEHHs eBOMOYil
Oepopmayiiinozo penvedhy noeepxHi 3paskis, wjo UNpPoOOBYSANUC NPU KOMOIHOBAHOMY CUHXPOHHOMY MdA
HECUHXPDOHHOMY HABAHMAICYBAHHI, NOKA3AHO YYMAUBICMb NOBEPXHEE0i CMpyKmypu i 00 makoi Mmoou
Hasanmaicysanus. Ananiz oepopmayiiinozo perveghy sabesneuye 0ocmamubo MouHe NPOSHO3YEAHHS 3ATUUKOBOT
006208iUHOCI KOMHOHEHMIB, SIKI 8UCOMOGIIEH] 3 NIAKOBAHUX ATIOMIHIC8UX cNiagig. [Ipuxiadom 3acmocysanns
0aHo020 NiOX00y € aHANi3 6MOMHO20 NOUWKOOICEHHS KOHCMPYKIMUSHUX eleMenmis aimaxa, wo npayiooms 6
yMosax 6a2amoocb08020 HABAHMAICEHHSA. [HWOI0 MOJICTUBICMIO GUKOPUCIAHHS ABUWYA, WO PO32TA0AEMBCS 8
cmammi, € po3poOieHHs HO08020 NOKONIHHA CEHCOPI8 8MOMU, NPUSHAYEHUX Ol OYIHIOBAHHA 0a2amoocbogoi
emomu. Cencop momu mModice Mamu Xpecmonooionuil 6ueasio 0 BMOMHUX GUNPOOYBAlb, 3aKPINACHUL MUM YU
THUWUM YUHOM.

Knwuosi cnoea: nimak, 6azamoocvboge 6mMoOMHe NOWKOONCeHHs, Oedopmayiunuli  perved,
excmpy3itiHo/IHmpy3itina cmpykmypa.
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