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Summary. In the paper, the authors experimentally investigated the growth of low-alloy steel surface
cracks under constant amplitude loading and under single overloads. Surface semi-elliptical cracks of canonical
shape, as well as cracks with a contour of complex geometry were considered. Each overload increased the number
of cycles of crack growth retardation, with higher significance in non-canonical surface cracks. The contour of
surface cracks also changed in single-overload condition.
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Statement of the problem. The machines and structures in operation are subjected to
loads, which often lead to an instantaneous or monotonous change in stresses. The simplest
manifestations of such changes are peak one-time overloads, cyclic overloads or underloads of
a certain duration, software load, etc. Numerous studies [1-3] indicate significant transient
effects of changes in the rate of growth of fatigue cracks making it difficult to estimate the
durability of structures with cracks. This question is especially relevant in the presence of
structural cracks in structural elements.

Analysis of the available investigations. The simplest case of a single overload is the
most thoroughly studied for through-thickness cracks and gives an idea of the probable
tendencies and mechanisms inherent in more complex transient processes in fatigue of
materials. It is found that intense tensile overload of an element with crack significantly slows
its growth if the subsequent cyclic loading is at least 1,3 times (for aluminum alloys) and
>1,4 times (for steels) is lower than the level of overload. It is also obvious that as the level of
overload goes up, the number of delayed cycles Np increases, and that for many aluminum
alloys at an overload coefficient QoL = Kor/KsL (or Qo = AKoL/AKsL) = 2,3...3,0 (Figure 1)
crack growth stops completely, while for structural steels this threshold rises to 3,2...4,0 [4].
The described phenomenon is of great practical importance for the development of methods to
assess the durability of irregular loading, in particular when justifying the testing modes during
testing or installation in order to increase the reliability of the machines and structures elements.
The number of cycles of crack growth retardation Np for the through-thickness cracks depends
on the parameters of the overloading cycle KoL and the main (base) loading level Kgi; initial
mechanical characteristics of the material; its structural condition; properties of hardening and
softening of metal during plastic deformation; degree of compression of deformations; and
environment [4, 5].

The effect of overload on the retardation of surface cracks growth is similar to the
through-thickness cracks [6], but consideration of this process is complicated with additional
factors typical for surface cracks. One factor is the variability of the shape of the surface cracks,
which are characterized by the axes ratio a/c [7].
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The distinction is made between the energy-stable contour [6, 8], when the SIF
along the front of the fatigue crack during its development acquire almost identical values (at
a/lc = 0,8), and the energy-unstable contour with significantly different values of the SIF along
the front.

Surface cracks with their complex geometry contour belong to the energy-unstable
contour category [9]. The contour can be formed by coalescence of smaller macrocracks, for
example in areas of welds [10]. The effect of overload on the growth retardation of such cracks
has not been studied.

Another factor typical for the surface crack is the presence of variable stiffness of the
stress-strain state along the crack, when the growth of surface and near-surface points under
cyclic loading is realized under conditions of plane stress state, and for points in the deepest
part of the contour in the state of plane deformation.

The influence of the above factors on the magnitude of the fatigue crack growth
retardation Np after overload is ambiguous. Let us consider, for example, the influence of the
thickness of the samples of aluminum alloys and low-alloy steel on the retardation value Np
after overloading. For aluminum alloy 2024-T3 (analog of D16) [11] with mechanical
characteristics oo = 362 MPa; oy = 495 MPa increase in plate thickness from 1,6 mm to
3,2 mm and further up to 26,0 mm leads to a significant (3-5 times) decrease in the retardation
period Np of fatigue crack growth after QoL = 1,5; 1,8; 2,0 tensile overload and for four levels
of basic cyclic loading 4KsL = 9,0; 15,0; 20,0; 23,0 MPa - +v/m. Also in all cases there is an
increase in Np with an increase in AKgL.

Effect of tensile overload QoL = 2,0 on the retardation of fatigue crack growth in steel
samples of different thickness t = 2,0; 4,0; 9,0 and 18,0 mm in HT-80 steel (co,2 = 665 MPa;
ou = 811 MPa) [11] is not as straightforward as in aluminum alloys. At AKg. = 20,0 MPa -vVm
the rolled thickness practically does not affect the fatigue crack growth retardation, and at larger
AKpL (up to 4KgL = 50,0 MPa -+/m), the increase of the thickness of the samples from 2 to
18 mm reduces the retardation Np by 5 times. In addition, at a small thickness t = 2 mm, when
a plane stress state is being implemented, the fatigue crack growth retardation increases with
the increase of AKgL. At the same time, when the through crack propagates under conditions
close to plane deformation (t = 18 mm), Np decreases as the basic cyclic load level 4KgL
increases. There is also some range of thicknesses t =4 + 8 mm for the tested steel NT-80, for
which the retardation Np after overload Qo. is practically independent of the thickness of the
rolled metal. This uncertainty of the influence of various factors on the rate of fatigue crack
growth necessitates the development of a design and experimental technique for predicting the
durability of structural elements in the presence of loading cycles.

Purpose of research. The aim of the research is to establish the influence patterns of
tensile overloads on the transient processes of the growth rate of surface fatigue cracks with a
complex geometry contour.

Main thesis. In order to study the kinetics of the growth of the non-canonical shape
surface crack under the tensile overload and subsequent cyclic loading, experimental studies of
09G2S steel plates with a cross section of 80x20 mm under the action of cyclic tensile loading
on the hydro-pulsator ZDM-100 were carried out. In the plates using a thin disk cutter with
thickness of 0,13 mm coplanar cuts of different depth which overlapped each other were
initiated
(Figure 2). Under cyclic loading, an asymmetrical surface fatigue crack was initiated,
simulating the process of coalescence of the cracks. For the purpose of this research, let us
identify a larger crack as crack | with a length on the sample surface c¢1 = 12,0 mm and a smaller
crack as crack Il with a length on the sample surface c; = 10,0 mm. The total length of the
macro-crack is equal 2c = c¢1 + c2 = 22 mm. It was at a total length of 2c = 22,0 mm that an
overload of QoL = 1,67 was applied to; basic cyclic load parameters KZ;** = 187,5 MPa; cycle
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stress ratio R = 0,25. Subsequent overload QoL = 1,5 was applied with the same basic cyclic
loading parameters and at crack length 2¢ = 33,2 mm.

For comparison, the development of semielliptical surface cracks with a standard
contour at similar overloads as well as at constant amplitude loading were also investigated

(Figure 1). Fractures of samples and schemes of contours of surface cracks are presented in
Figure 2.
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Figure 2. Fractures of samples and schemes of contours of surface cracks:
a) semielliptical crack under constant amplitude loading; b) crack with initially complex geometric contour
after overloads and subsequent constant amplitude cyclic loading
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Consider the qualitative results of the development of surface non-canonical crack under
tensile overload. After the action of a single overload QoL = 1,67 on the macrocrack, formed
during the coalescence of different cracks, the development of the surface crack along its
contour was slowed down. Further cyclic loading initially triggered the development of the
smaller crack (I1) contour, while the contour of the larger of the cracks (1) was still in a state of
slow development (Figure 3). Obviously, depending on the magnitude of the overload, the
smaller crack can exceed the size of the adjacent crack, which happened in our case. With the
application of the subsequent overload QoL = 1,5 the tendency for surface crack propagation
remained the same: after a period of slow development, the smaller of the cracks (in this case 1)
began to develop more actively, followed by the larger one. It should be noted that the intensity
of the retardation of the fatigue crack growth after overloading QoL = 1,5 was less than after
overloading QoL = 1,67.

The analysis of the change in the shape of the non-canonical surface crack after the
effect of the overload and the subsequent cyclic loading differs significantly from the change
in the shape of the symmetrical surface crack under the same loading conditions. Symmetrical
surface crack retains the semielliptical shape at constant amplitude loading, and after tensile
overload. Whereas, the non-canonical crack shape at overloads is close to rectangular, since the
crack develops rapidly in directions corresponding to the parametric angle ¢ = 30 + 35°.
The greatest retardation of the crack development is observed in the zone of crack coalescence.

Therefore, the overload in the cracks of non-canonical shape leads to an intense
retardation in the fatigue crack growth, as well as to a significant change in the shape of the
crack contour. Almost the same shape becomes a single surface crack under the influence of
surface hardening [191], which is widespread in mechanical engineering, or surface cracks
filling [191], although in these cases, completely different mechanisms affect the contour. Also
it becomes possible to control the change in the surface crack front in some cases of crack
geometry and overload parameters.

Consider the quantitative results of the effect of the overload QoL = 1,67 and QoL = 1,5
on the development of a surface crack with complex geometry. In Figure 3 fatigue cracks along
the surface axis are presented. The moment of application of the overload QoL = 1,67
corresponds to the contour | of the surface crack with fixed points Ci and C} on the surface of
the sample (and with the corresponding semi-diagonals c! and c}). The moment of application
of the overload QoL = 1,5 corresponds to contour 1V, with fixed points on the surface €.V and
¢V, corresponding to the ends of semi-diagonals c1¥ = 15,2 mmand c2V = 18 mm. Other curves
represent the running contours of the crack, which are fixed in the process of plate with the
crack testing by constant amplitude loading. In Figure 3 the kinetics curves of fatigue crack
growth that are identical to the canonical semielliptical crack with averaged semi-axes of
contour | and the ratio of axes a/c = 0,78 at constant amplitude loading (curve A) and after
overload QoL = 1,67 (curve B) are presented for comparative analysis (Figure 3).

Comparison of curves growth of semielliptical surface cracks with parameters 2c =
22,0 mm, a/c = 0,78 at constant amplitude tensile loading omax = 187,5 MPa; R = 0,25 (curve
A) and with an overload QoL = 1,67 under the same conditions of the basic cyclic loading (curve
B) showed retardation in crack growth after the action of overload: Np = 21690 cycles.

In the study of the effect of overload of the same QoL = 1,67 level on the surface crack
of non-canonical shape under similar conditions of the basic cyclic load, a much larger crack
growth retardation was found both along the c1 — Np = 138000 cycles and along the c2 — Np =
67000 cycles. This retardation led to a general change in the contour of the surface crack
relative to the vertical axis: contour IV became asymmetric to contour | (Figure 2, b).
Subsequent overload Qo = 1,5 at the length of semi-axes c1V = 15,2 mm and ¢}V = 18 mm led
to an additional retardation of crack growth, but with less intensity (retardation along the c; axis
was Np = 33700). The intensity of the overload effect is also characterized by the change in the
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crack growth rate after the overload (Figure 4). For semielliptical canonical surface crack of
similar size Np equals 5600 cycles, which is significantly smaller.
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Figure 3. Regularities of the influence of overloads on the propagation of surface cracks in low-alloy steel
09G2S: A — growth of semielliptical crack under cyclic loading; B — growth of a semielliptical crack after an
overload; o — propagation of crack I after overloads; ¢ — propagation of crack II after overloads
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Figure 4. Curves of growth rate change of surface points propagation of the contours of cracks: A — under
regular cyclic loading; o — after overloads (cracks I); ¢ — after overloads (cracks II)
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The change in growth rate V = dcvdN during crack propagation along the surface axes
ciand co is presented in Fig. 4. Immediately after tensile overload Qor1 = 1,67 the fatigue crack
growth rate along the c; axis decreases approximately by 5 times and along the c1 axis by more
than 10 times. This indicates a complex transition process that occurs after overload in surface
cracks with complex geometry contour. In canonical surface cracks the growth rate along the
semi-axes on the surface is the same and decreases by 3,8 times.

In summary, we note that the growth retardation of surface cracks of canonical and non-
canonical shape after the action of overloads depends primarily on the initial and current
parameters of the cycle and the properties of the material. These values in experimental studies
are the same. The main difference is the shape of the contour of surface non-canonical cracks.
Along the front of such cracks a stress field and the corresponding values of stress intensity
factors are formed [12], which are significantly different from the SIF for surface cracks of
canonical shape [12]. In the case of non-regular loading with tensile overload, the working
stresses along the curvilinear contour interact with the residual compressive stresses arising
from the plastic deformations after the application of overloads [12]. The resulting stress fields
obviously form the changes in the crack front and in the intensity of retardation Np, presented
in this paper.

Conclusions. On the basis of experimental researches we have established: overload in
cracks with a complex geometry contour leads to retardation in crack growth; retardation in
cracks growth along the contour is not uniform, which leads to the change in its contour with
subsequent constant amplitude loading; these processes (retardation of crack growth and change
of its contour) are significantly more intense for surface cracks with a complex geometric
contour in comparison with surface semi-elliptical cracks of canonical shape.
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Pestome. Ilposedeno excnepumeHmanbHi OOCHIONCEHH KiHEMUKU PO3BUMK)Y NOBEPXHeSUX MpiyuH 3i
CKIAOHUM 34 2e0MeMPI€0 KOHMYPOM (HeKAHOHIUHT nogepxHesi mpiwunu). Popma KOHMYPY MAKUX MAKPOMPIWUH
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MOOeIOE npoyec 3MUMms MeHWUX nosepxuesux mpiwun. Ilpu yvomy ymeoproemucs CiON08UOHUTL KOHMYD.
Hocnidocerno 8niue 00HOKpamHux Haganmasjicens piznozo pisusa (QoL = 1,67 ma QoL = 1,5) na nepexioni npoyecu,
wo eiobysaromvca  nicis IX NPUKIAOAHHA NpU  NOOAILUIOMY YUKAIYHOMY HasawmaoicenHi. Ilicna  Oil
nepesanmaicentsi 8i00y8AEMbCsl 2AIbMYBANHSA PO3GUMKY NOBEPXHEBO] MPIWUHU NO 8CbOMY tio2o Konmypy. Lle
Asuue Xapakmephe AK 015 HACKPISHUX MPiWuH, max i nosepxuesux mpiwgun. Ompumani pe3yrbmamu 3ampumKu
POCMY nOBePXHE80I MPIWUHU 31 CKIAOHUM Y NAAHI KOHMYPOM C8i0YaAMb, W0 YUCIO YUKLI8 CNOBLIbHEHHS iX pocmy
y KilbKa paszie Oinvute, HIdC Ok NOOIOHOI NIGENINMUYHOT MPIWUHU 3 2NAOKUM KOHMYPOM Ma OOHAKOGUMU 34
po3mipamu nigocamu. Bcmarnoeneno, wjo 3ampumka pocmy nogepxHesux mpijut € pizHor 8300694¢ CKIAOH020 3d
2eomMempicio KOHmMypy, Wo npugooums 00 IHMeHCUsHOI 3Minu Gpoumy HexkanoHiunoi gopmu. Koumyp
HEeKAHOHIYHOI MPiWuHYU 8 npoyeci YUKITYHO20 HABAHMANCEHHA NICA Oii nepesanmafceHts PisH020 pieHs HAOY8a€e
006pucie bIULKUX 00 NPAMOKYMHOL hopmu. ye nos ’s3ano 3 0CoOIUBOCIAMU HANPYICEHO-0epOPMI6HO20 CMaHy
830080iC (hppoumy nosepxnesoi mpiwunu. Hatimeuowe nicis 2anoMy8aHHs pocmy 6cb020 KOHMYpPY 8i00y8aemvcsl
PO3BUMOK (PPOHMY 8 HANPAMKAX, WO 8i0nogidaome napamempuuromy kymy ¢ = 30 + 35° Haunisniwe 3-nio
BNAUBY NEPEBANMAIICEHHS BUXOOUMb 00IACMb OIILWOL 30 PO3MIPAMU YACMUHU MPIWUHU NPU NAPAMEMPULHOMY
xymi ¢ = 60 + 65°. Bcmanogneni KinbKiCHi 3HA4eHHs1 3MIHU POCY MPIWUHU 00pa3y NiCas NepesanHmadiceHts ma
00 MOMeHmY 3aKiH4YeHHs NepexiOHux npoyecis, NO8 S3AHUX 3 6NIUBOM NePeBAHMANCeHH:. 3a3Hauumo, wo
MIHIMATbHI WEUOKOCME POCIY MPIWUH, WO CMAHOGTIOIOMbCS 00PA3Y NIC/ NEPEBAHMANCEHHS 3AeNCAMb GI0
DI6HSL nepesanmaicenv i € MeHwuMu npu ix oinouwomy pieui. OOHOUACHO MIHIMAbHI WEUOKOCME pOCY MPIuH
HEeKAHOHIYHOI (hopmu € CymmeBo MEHWUMU NPU TNAKOMY HC PIBHI Nepesanmadicetb y NOPIGHAHHI 3 8i0N0GIOHUMU
MOYKAMU KOHMYPY NOBEPXHEBOI Mpiutu KanoHiuHoi ghopmu. Le ii susHauae Oinbuly 3ampumKy pocmy mpiuunu
HEeKAHOHIYHOL popMu Y NOPIBHSIHHI 3 NOOIOHOIO 3a POMIPAMU NOBEPXHEBOI0 MPIUJUHOIO 3 KAHOHIYHUM KOHMYPOM.
Takum yunom, AK OYI0 6CMAHOBIEHO 3 OAHUMU eKCNEPUMEHMANbHUX OOCTIONCEeHb 8NIUG NEPEeBAHMANCEHHS 8
NOBEPXHeBUX MPIWUHAX 3i CKIAOHUM 34 2e0MempieEl0 KOHMYPOM NPUBOOUms 00 3AMPUMKU POCHY BMOMHOL
MPIWYUHY, WO € CYMmeeo DLnbuio (V KibKa pasie), Hid O 36UYAUHUX NOBEPXHESUX MPIWUH 3 AHALOSIYHUMU
niBOCAMU, A MAKOHC 00 3HAYHUX 3MIH KOHMYPY, SAKI € HeNPUMAMAHHUMU NIGENINMUYHUM MPIWUHAM.

Knrwuosi cnosa: pecynapne yukiiune HABAHMANCEHHS, OOUHUYHE NEPEBAHMANCEHHS, NOBepXHesd
MPIYUHA, HEKAHOHIYHUTL KOHMYP, WEUOKICIb POCIY MPIWUHU.
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