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Abstract
Introduction. Data on the occurrence of initial failures obtained through testing on standard samples cannot always be

extrapolated to real welded joints and structures. This is due to the difference between the concentrators in the joints,
because after welding there is a significant structural and mechanical heterogeneity of the heat-affected and stress
concentrator zone. Extended, deep concentrators are considered as crack-like defects, at whose vertices a volumetric,
multiaxial stress state is formed. The paper addresses the issue of constructing critical diagrams of the onset of the
limiting state at the concentrator vertex, which depends on the level of external load and the theoretical concentration
coefficient.

Materials and Methods. Analytical methods were used to study the stress state. The literature on the topic was
analyzed. The features of proven physical models and patterns of behavior of materials were taken into account. The
characteristics of steel alloys were taken from open sources and summarized in a tabulated form. Nonlinear equations
were solved in MATLAB applications. The diagrams constructed by the authors enable to track the correlation of the
dangerous level of the theoretical stress concentration factor and the level of external load. Curve Fitting Toolbox
MATLAB was used to design the graphic part of the work.

Results. The characteristic of damage from stress concentrators in welded joints was given. The crack propagation in
the fusion zone was shown. The conditions stimulating and inhibiting destruction were indicated. The theoretical stress
concentration factor o was specified. It was shown how this indicator depended on the width, the height of the seam
and the thickness of the welded part. Acute stress concentrators with theoretical concentration factor a, = 5...14 and
more were studied. For this case, an approximating formula was given that took into account the maximum stress in the
concentrator in the first half cycle, the initial deformation, and the load ratio. Through those elements, an indicator of an
increase in maximum stresses was set depending on the number of loading cycles. The flow condition, the stress state,
and the overvoltage factor, which took into account the increase in the first principal voltage for a combined stress state,
were analytically shown. A model of the critical state at the apex of an acute stress macro concentrator was described. It
was presented as the dependence of the relative stresses of the initiation of destruction ¢2¢/o,, on the concentrator.
Possible variations of this model were analyzed. The dependences of relative values o%¢/c,, on the theoretical
concentration factor o€ = o, were presented. To check the physical adequacy of this model, graphs were constructed
that reflected changes in the relative stress of the external load at a critical state at the stress concentrator apex. The
inevitability of bifurcation as a result of the studied processes was validated. Two directions of further development of events
were indicated: brittle destruction and loss of stability of the stressed state with the transition to an increase in plastic
deformations. The moment of bifurcation was defined as a critical state in the focus of the concentrator.

© K4 Molokov, VV Novikov, M Dabalez, 2023

Machine Building and Machine Science

41


https://doi.org/10.23947/2687-1653-2023-23-1-41-54
https://doi.org/10.23947/2687-1653-2023-23-1-41-54
mailto:Spektrum011277@gmail.com
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2687-1653-2023-23-1-41-54&domain=pdf&date_stamp=2023-03-31
https://orcid.org/0000-0002-9764-9329
https://orcid.org/0000-0001-5892-815X
https://orcid.org/0000-0002-1048-7102

http://vestnik-donstu.ru

Advanced Engineering Research (Rostov-on-Don). 2023;23(1):41—54. eISSN 2687-1653

Discussion and Conclusion. The analysis and calculations performed within the framework of the presented scientific work
enabled, in particular, to draw conclusions about the role of key factors of the processes under study. It was established, for
example, that the operation of a steel alloy at a high theoretical stress concentration factor depended on the characteristics of
the stress state. In a rigid state, it was possible to inhibit shear deformation and the onset of the limiting state at a lower value
of the theoretical stress concentration factor. With the usual strength of steel (in comparison to high), a greater impact of the
volume of the stress state on the value of the theoretical stress concentration factor was recorded. The probability of failure
depended on the resistance of the material to the growth of a macrocrack. In future research, it is possible to refine analytical
models and results, evaluate effective stress concentration factors.

Keywords: welded joint, theoretical concentration factor, defects of welded joints, volumetric stress state, stress
concentration, yield strength, macrocrack.
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AHHOTALUA

Beedenue. [lannble O BO3HUKHOBEHMH HAyalbHBIX pPa3pyLICHUH, MOJyYEHHbIE HCHBITAHUSIMU Ha CTaHAAPTHBIX
00pasIax, He BCeraa MOKHO SKCTPAIoJINPOBATh Ha peallbHBIC CBAPHBIC COCTUHEHUS ¥ KOHCTPYKIIHA. JTO 00yCIOBICHO
OTJINYMSIMU KOHLIEHTPATOPOB B COEAUHEHHUAX, T. K. TIOCJIE CBAPKU BO3HUKAET 3HAUUTEIbHAS CTPYKTYPHO-MEXaHUYECKas
HEOJHOPOJHOCTh 30HBI TEPMHYECKOTO BIIMSIHMASL W KOHLEHTPAaTOpOB HampspkeHuid. [IpoTsokeHHble, TiryOokue
KOHIIGHTPATOPHl PACCMATPHBAIOTCS KaK TPEIIMHOMOJOOHBIE Ne(eKThl, B BEpIIMHAX KOTOPBIX 00pasyercs oObeMHOE,
CJI0’KHOE HamNpsKEHHOE cocTosiHue. PemaeTrcst BOpOC MOCTPOEHUS] KPUTHMYECKUX AuUarpaMM Hauyaida BO3HHUKHOBEHUS
IIPENEIbHOIO COCTOSIHMSI B BEPIUMHE KOHLEHTPAaTOpa, KOTOPOE 3aBUCUT OT YPOBHS BHEUIHEM HAarpy3sku H
TEOPETHIECKOTO KOA((HUIIIEHTa KOHIICHTPAIINH.

Mamepuanvt u memoowvl. Jlns MccleIOBaHUs HANPSHKEHHOTO COCTOSIHHUSA 3aleHCTBOBAIM AHAIUTUYECKUE METOMBI.
[Ipoananu3upoBaHa JjuTeparypa IO TeMe. YUTeHbl OCOOEHHOCTH TIPOBEPEHHBIX (PHU3MUECKHX MoOJIelIe u
3aKOHOMEPHOCTH IOBEACHUS MaTepHanoB. XapaKTEPUCTUKU CIUIABOB CTAJIU B3ATbl M3 OTKPBITBIX HCTOYHUKOB U
000011eHsl B BUie Tabnuibl. HennHeliHble ypaBHEHUs peniainch B NMPHUKIAIHBIX IporpamMax Matlab. [loctpoenHsle
aBTOpaMM JHarpaMMBbl MO3BOJSIIOT OTCICIUTh KOPPEJIIHIO OTACHOTO YPOBHS TeOpeTHdecKoro Koddduimenrta
KOHIIGHTPAIllMM HAmNpsDKeHWH W ypoBHS BHEIIHeH Harpy3ku. J[lms odopmienns rpadudeckoit wgactu paboTHI
ucnons3oBanu Curve Fitting Toolbox Matlab.

Pezynomamut uccnedoseanus. Jlana XapakTepHCTHUKA pa3pylICHUH OT KOHLEHTPATOPOB HAMpPSKEHHH B CBapHBIX
coenuHeHusAX. HarnsapaHo nmoka3aHo pa3BUTHE TPELUH B 30HE CIUIABJICHMA. YKa3aHbl YCJIOBUS, CTUMYJIUPYIOLIUE U
TopMO3simue pazpymenne. OnpeneneH TeopeTHUeckuid Kod(h(HUIIMEHT KOHIEHTpaIuu HampspkeHwid op. IlokazaHo,
KakuM 00pa3oM JaHHBIM IOKa3aTelb 3aBHCUT OT IIMPHHBI, BBICOTHI IIBA M OT TOJIIMHBI CBApHBaeMOM JeTaiu.
PaccMoTpeHbl OCTpble KOHIIEHTPATOPHI HAPSDKEHUH € TEOPETHUECKUM KOA(PPHUIUSHTOM KOHIIEHTpauu o, = 5...14 u

Ooee. I[J'IH 9TOro cjiy4das HOPUBOJAUTCA aNIIPOKCUMHDPYrOLIasd (I)opMyna, KOTOpast Y4YUTBIBACT MaAKCHUMaAJIbHOC
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HalnpspKeHHEe B KOHLEHTPATOpE B NIEPBOM IOJYLHKIE, UCXOAHYIO JeOopManyio U Kod(Q(GUIUEHT aCUMMETPHUHN IMKIIa
HarpyeHus. Uepes 5T DIIEMEHTHI 33Ja€TCs MOKa3aTeb MOBBIIIEHN MaKCUMAJIbHBIX HANPSKEHUH B 3aBUCHMOCTH OT
YHCJIA UKJIOB HArpy>KeHUS. AHAINTHYECKU TTOKA3aHbl YCIOBUE TEKYYECTH, HANPSDKEHHOE COCTOSHUE W KO (PHUIIUEHT
MEepeHaNpPsKeHUs, YUYMTHIBAIONIIMM TOBBIIIEHHE IEPBOTO TJIABHOTO HANPSDIKEHUS JUISL CIOXHOTO HANpsDKEHHOTO
coctostHAsA. OnMcaHa MOJENb KPUTHIECKOTO COCTOSHHS B BEPIIMHE OCTPOTO MaKpOKOHIEHTPATOpa HampshKeHHH. OHa
TIPECTABIEHA KAK 3aBHCHMOCTh OTHOCHTENBHBIX HATIPSUKEHNH 3apOIKAECHUS Pa3pyLICHHs. O4° /0o, OT KOHLEHTPATOpa.
[Ipoananu3upoBaHbl BO3MOXKHBIE Bapualuu 3TOW Monenu. IIpencraBiieHbl 3aBUCUMOCTH OTHOCUTENIBHBIX 3HAYCHMM
0% /00,2 OT TeopetHueckoro kodhQuLMeHTa KOHUEHTpauMn o = ap. J{1s POBEPKN (DU3MUECKOH a/IeKBATHOCTH
JTAHHOW MOJENW TIOCTPOCHBI T'pa(uKh, KOTOPHIE OTPa)Kal0T HM3MEHEHUS OTHOCHTEIBHOIO HAMPSDKEHUS BHEIIHEH
Harpy3kd TP KPUTHYECKOM COCTOSIHUM B BEpIIMHE KOHICHTpaTopa HampsokeHui. OOOcHOBaHa HEM30€XKHOCTH
Ondypkauum KaKk pe3yabTaTa HCCIeIyeMbIX ITPOIECCOB. YKa3aHbl JiBa HANPABIICHUs IajbHEHINEr0 pa3BUTHsI COOBITHIA:
XpYyNKOe pa3pylleHHe U TOTeps yCTOWYMBOCTH HAIMPSXKEHHOTO COCTOSHUS C MEPeXOAOM K POCTy MIACTUYECKUX
nedopmanuii. MoMmeHT 6 ypKannu onpeaeneH Kak KpUTHIECKOE COCTOSIHUE B 04are KOHIIEHTpaTopa.

Oécyscoenue u 3axkniouenus. AHaIU3 M pacyeThl, BHINOJHEHHbIE B paMKax IPEJCTaBICHHOW HAy4YHOH paboThI,
HO3BOJIMIIM, B YacTHOCTH, CIETaTh BBIBOABI O POJIM KIIOYEBBIX (HAKTOPOB UCCIEAYEMBIX IIPOLECCOB. YCTAaHOBIEHO,
HampuMmep, 4To paboTa cIulaBa CTadd HPH BBICOKOM TEOPETHYECKOM KO3((HUIMEHTE KOHIEHTPAIWU HaNpsUKCHUN
3aBHCUT OT XapaKTEPUCTUK HAMPSIKEHHOTO COCTOSIHUSA. [IpH XKEeCTKOM COCTOSHUHM BO3MOXKHO CAEPXKHBAHUE CIABHUTOBON
):Le(bopMauym U HACTYIJICHHUEC MPCACIbHOTO COCTOSHHUA IPHU MCHBIIEM 3HAYCHUH TCOPETHUYCCKOTO KOS(b(bI/IHI/IeHTa
KOHLEHTpaluuu HanpspkeHud. [Tpn oObI4HONM TpOYHOCTH cTanu (B CPaBHEHHWH C BBICOKOHM) (HKCHpyeTcst Ooiibluee
BIMSHHE OOBEMHOCTH HAIIPSDKCHHOTO COCTOSHMS Ha 3HAYCHHE TEOPETHYECKOro Kod(pQHIMEeHTa KOHIEHTpauuu
HalpsDKEHUH. BeposTHOCTh paspyllleHus 3aBUCUT OT COIPOTUBIIIEMOCTH Marepuala pOCTy MakpoTpeuuHbl. B
OyIylmMX M3bICKaHUSX BO3MOXKHO YTOYHEHHE aHaJMTHYECKUX MOJeNell M pe3yinbTaToB, oOleHKa 3(deKTHBHBIX

K03(h(pUIMEHTOB KOHLEHTPALMH HAPSKEHHUH.

KnaioueBble ci10Ba: cBapHOE COCIMHEHHE, TEOPETHYECKHH KO3(P(UIMEHT KOHIEHTpanuu, Ne(eKTsl CBapHBIX

COCIMHEHUI, 00bEMHOE HAIPSHKEHHOE COCTOSHUE, KOHLIEHTPALUS HANPSDKEHUH, TIpeJieNl TeKy4eCcTH, MaKpOTpEeIInHA.

BaarogapHocTH. ABTOPHI BBIPaXXalOT MPU3HATENFHOCTh COTPYAHUKAM JenapTaMeHTa MOPCKOW TEXHHUKH U TpaHCIopTa
JIBOVY 3a KOHCY/IBTaTUBHYIO IIOMOIIb B pa3pabOTKe TEMBI, a TAK)Ke PELEH3EHTaM 3a [ICHHBIC 3aMEUaHHs 110 CTPYKType

PYKOIIHCH.

Jdas uutupoBanusi. MonokoB K.A., HoukoB B.B., [labane3 M. OueHka NoOsIBICHUS HadaldbHBIX Pa3pyHICHUHA OT

KOHIIEHTPATOPOB HAMPSDKEHUH B CBAPHBIX COCUHEHHSIX M 3eMeHTax koHcTpykuuid. Advanced Engineering Research
(Rostov-on-Don). 2023;23(1):41-54. https://doi.org/10.23947/2687-1653-2023-23-1-41-54

Introduction. Static and fatigue strength is reduced due to defects in welded joints. These can be:
— cracks formed during or after welding;

— stress concentrators (undercuts, incomplete fusion, pores, welding craters, high rippling, abrupt change in the
shape of the weld, rolls, etc.)

In the latter case, the determining factors will be:

— shape, size of the concentrator and the position in the welded joint;

— stress state indicator at the top [1].

Under cyclic loads, cracks often occur and develop in welded joints, provoked by stress concentrators [2]. The risk
also depends on how close the stress state of the welded joint with the concentrator is to the occurrence of a macrocrack
and its spread at operating o and cyclic loads o_,. Obviously, the latter depends significantly on the size, shape of the
macrodefect and the stress state at its top. For example, an oblong and narrow macro stress concentrator is more
dangerous than a rounded one. Probably, a crack is immediately formed at its top, and together with it, the initial

concentrator will represent one long macrocrack [3]. The size of such a “total” macrocrack may be critical, which will
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reduce the static strength [4]. It depends on its length and mechanical characteristics of the material at the top of the
initial concentrator.

The study objective is to develop an analytical model for assessing the dangerous level of stress concentration. The
case in hand is about the formation of a crack in the top of the concentrator, a sharp decrease in the bearing capacity of
welded joints and structural parts.

Materials and Methods. Scientific research within the framework of the stated topic was based on known physical
models and patterns of behavior of materials. The theoretical and applied literature was analyzed. Illustrative and
reference materials were extracted from the sources.

The stress state was studied by analytical methods. The relationship between the rigidity of the stress state and the
value of the theoretical stress concentration factor was established. The results were presented in the form of diagrams.
This visualization method made it possible to track the correlation of the dangerous level of external load and the
theoretical stress concentration factor.

To check the results of calculations based on the physical adequacy of the authors’ model, dependency graphs for
the critical state were constructed. The paper used information about widespread structural steels of ferrite-perlite class
in the state of delivery (steel 10, 22K, 50, St3sp, 37KHN3A, 30KHGSA, etc.). Their mechanical characteristics were
obtained from open sources® and summarized in Table 1. The data was visualized in the Curve Fitting Toolbox

MATLAB.
Table 1

Characteristics of steels

Steel grade os, MPa or, MPa m o
10 320 190 0.17 0.73
15G 410 245 0.148 0.55
St3sp 450 270 0.16 0.71
22K 540 310 0.16 0.69
50 680 350 0.16 0.62
10KHSND 540 390 0.132 0.71
37KHN3A 1014 743 0.12 0.6
30KHGSA 1750 1360 0.09 0.44

Mathematical apparatus was applied to derive formulas. When solving nonlinear equations, the MATLAB

application software package was used.

Research Results
Characteristics of damage from stress concentrators in welded joints. Since early 2000s, stress concentrations in
welded joints and structures have been studied in relation to industrial tasks [2-3, 5-9].
Figure 1 shows examples of destruction of welded joints due to stress concentration.

¥y

a) b)

 Sergeev NN, Sergeev AN. Mechanical Properties and Internal Friction of High-Strength Steels in Corrosive Media. Vologda: Infra-Inzheneriya;
2020. 431 p. (In Russ.)
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e) f)
Fig. 1. Destruction of cross and butt joints? from stress concentrators:
a, f— from the incomplete fusion zone, square butt joint; b — from undercutting, V-weld; ¢ — from a sharp transition in the fusion

zone; d — undercut; e — from the concentrator formed by a step transition at the edge junction [10]

The destruction of cross joints with large non-fusion of the edges (indicated by arrows in Fig. 1a) is possible under
the following loads:

— static (as a result of embrittlement of the fusion zone);

— cyclic (cause cracking at the tops of the concentrator).

In [5], the stress distribution for butt, corner, cross joints and intermittent connections of ship structures is analyzed.
In butt and cross welded joints, the area of the base metal adjacent to the weld is of particular importance. This is the
weakest cross-section that determines the strength of the joint at variable stresses. It should be noted that the welds are
always quite long compared to the thickness of the metal and the stress concentrator (undercut in the butt or cross joint).
This prevents a shift in the area of the concentrator and creates a biaxial, and more often a multiaxial stress
state [11, 12]. When considering the destruction of welds with concentrators (see Fig. 1 a, e, f), we take into account the
concept of the occurrence of plastic deformation in the top region [5, 7]. In addition, it should be noted that the
concentrators are adjacent to the fusion zone, which, after welding, experiences longitudinal residual tensile stresses.
They affect the degree of rigidity of the stress state in the concentrator focus [1, 13-14]. All this prevents the passage
of shear in the concentrator focus and can contribute to the occurrence of a minimal brittle macrocrack with a high
theoretical stress concentration factor o, even from static load .

In [9], indicative failures from welded defects in large-diameter pipelines are described. It is established that with
long-term operation (more than 20 years), fatigue cracks appear in the undercuts of longitudinal welded pipe joints.
Cracks in undercuts in the fusion zone, as a rule, branch out and spread in two directions (fig. 2): one moves away from

the fusion zone, the other develops along the fusion zone (along the weld). This indicates a strong impact of the

2 Molokov KA, Novikov VV, Turmov GP. Fundamentals of Computational Design of Welded Structures. Vladivostok, 2019. T. 1. 204 p. (In Russ.)
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mechanical, structural characteristics of the material®and mechanochemical heterogeneity on the propagation of initial
destruction [13, 14]. On the other hand, the crack branching can complicate the process of further destruction and the

transition of the crack into the main one.

Fig. 2. Destruction in the pipe welded joint from the stress concentration in the fusion zone. Steel 14HGS. Single arrow shows
fatigue cracks; double arrow — pipe burst edge; strokes — weld outlines. Here, b — weld width; # — weld height;

6 — weldment thickness; Yy — angle of transition from base metal to weld [9]

The theoretical stress concentration factor in the fusion zone can be determined from the formula that takes into
account the concentration effect of a non-melting transition in this zone [5]:

& = 1+ 110 22 R 7In(90°/y), )
where y = A[90 exp(—p/po) + B] — angle of transition from base metal to weld; p — radius of transition from base
metal to weld; po = 1 mm; A = 0.94..0.17; B = 0.8; b — weld width; h — weld height; § — weldment thickness
(fig. 2).

However, this dependence does not take into account the changed mechanical characteristics of the material. In
these zones, hardening structures are usually present, whose mechanical characteristics can differ significantly (up to 30
%) from the characteristics of the weld and the base metal.

It is possible to indirectly control crack formation and the stress state in the region of the top of the stress
concentrator through the concentration factor of their intensity. Accordingly, when a sample fails due to fatigue, one

macrocrack is formed at the concentrator top, and in a corrosive medium — a group (fig. 3).

) b)

a

Fig. 3. Fatigue failure of steel 45 from a V-shaped stress concentrator: ¢ — in air;
b — in water — in a corrosive environment. An increase of 134 times*

After the formation of a group of macrocracks (fig. 3 b), the role of the macro-concentrator decreases, and further

development of destruction can be suspended or inhibited. This was validated by experiments that indicated an increase

3 Molokov KA. Assessment of the Damage of Ferrite-Pearlite Steels under Low-Cycle Loading Conditions. In: Proc. Conf. “Science. Innovations.
Engineering and Technology: Problems, Achievements and Prospects”. URL: https://elibrary.ru/item.asp?id=23752241&selid=46181945 (accessed:

31.10.2022). (In Russ.)
4 Molokov KA. Assessment of the Damage of Ferrite-Pearlite Steels under Low-Cycle Loading Conditions.
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in fatigue strength in samples with stress concentration in a corrosive environment®. Such a group of cracks loosens the
material, changes the stress state above and below the surface at the top of the macro-concentrator, which prevents the
formation of a leading crack that can develop further at a lower level of cyclic loads.

Consider the situation on the surface or in the thickness of metal in massive bodies under stresses oy at infinity in a
plane-stressed state. In this case, it is reasonable to use the Kolosov and Inglis’s solution for an elliptical shape
concentrator:

ap =M% — 1 42 /a/p, 2)
OH
where p u 6,4, — radius of curvature and maximum component of stresses on the surface, respectively, at the top of
the notch; a — semi-major axis, or half of the longest area perpendicular to the direction of the external load field.

Dependence (2) is well consistent with engineering practice. In accordance with the accepted concept, the
theoretical stress concentration factor at the notch is determined by the depth of the notch and the contour curvature
radius at its top, but does not depend on the shape of the contour.

Due to the development of information technologies, the evaluation of the theoretical stress concentration factor
presents no great difficulty. The results of calculations of stress and strain concentrations in elastic and elastoplastic
formulation of the problem can be obtained through the CAE finite element analysis [16-18, 12].

The experiments showed that at a certain stress concentration, external static load, and elastic-plastic stage of the
material, an initial fracture crack appeared at the concentrator top at a certain distance from the surface. It rapidly
propagated to an axis perpendicular to the direction of tension of the notched plates. The propagation is visible in the
pictures (fig. 4). The process was fixed in the plates under a plane stress state and under a plane deformation. In the
latter case, the appearance of a crack in the thickness of the metal under the surface was detected using an ultrasonic

flaw detector.

a) b) c) d)

Fig. 4. Initiation of a subsurface crack at the top of the concentrator under static tension: @ — macrocrack initiation; b, ¢ — size

increase in depth and towards the surface; d — crack exit to the surface [19]

Thus, under the given conditions and a sufficiently acute stress concentrator, a zone of a multiaxial stress state was
formed, in which the continuity violation was possible. There would be a higher level of the onset of fluidity, and the
tensile strength in a weakened place due to the concentrator could increase to 20-60 % (it depends on the material) [11].

Stress concentration and stress state conditions. Consider rather sharp stress concentrators with theoretical
concentration factor o, = 5...14 and more. As a rule, the defects mentioned above act as such concentrators. At the
top of the concentrator, the stress state can be considered the same as in plane deformation. In [18], the results of the
analytical solution and experimental data for sharp concentrators under plane deformation were presented, the region of
admissible values [ar] and the radius at the top [p] for steel 09G2S were established. However, the impact of its
mechanical characteristics was not described. Moreover, it is not clear whether the analytical solutions are based on
such initial parameters of 09G2S as the hardening coefficient m, yield strength o, ,, ultimate strength o, critical
fracture narrowing oy, etc. It is known that ductility and strength affect significantly the level of allowable stress
concentration and the occurrence of brittle fracture at the top.

For hardening materials, cyclic stresses at the top of an acute concentrator aggravate the possibility of brittle

5 Sergeev NN, Sergeev AN. Mechanical Properties and Internal Friction of High-Strength Steels in Corrosive Media. Vologda: Infra-Inzheneriya;
2020. 432 p. (In Russ.)
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fracture, therefore, we will take such o as a hazard criterion, at which brittle fracture is likely to occur under static load
conditions. The increase in maximum stresses depending on the number of loading cycles N is given by the
approximating formula:

Omax = Omax T 4 1g8(N), (3)
where op,.x — maximum stress in the concentrator in the first half cycle; A —coefficient depending on the level of

initial deformation and the asymmetry coefficient of the loading cycle at the top of the concentrator.

We accept the obvious assumption that the appearance of brittle fracture may be due to the following reasons:

—an increase in the intensity of three-dimensional stretching in close proximity to the top of the concentrator;

—an increase in the resistance to plastic deformation of the material near the top as a consequence of shear resistance
in acute stress concentrators.

The latter circumstance turns out to be the stronger the higher the loading speed and the sharper the stress
concentrator.

Consider the elastic-plastic plane stress at the top of the concentrator and the elastic state in the gross section:
Omax = A0y > Oz, Oy = 0y, and oy < 0,,. Here, oy, — conditional yield strength of the material under uniaxial
tension. At o, = 7.3, stiffness of the stressed state is close to the state for a crack. Safety coefficient mg,, for a crack-
like defect with a plane deformation differs slightly (within 10 %) from my,, for a crack, i.e., for a state where there is
an approximate equality mpsp = Mpap:

[1-(00/01)?/03[1=(002/n7/50)% _ [T-(ea/nrioa? @

[i-onr/ort rooatant | -oalo?
Here, n; — vyield strength margin coefficient, o, — local strength of the material at the top of the crack or sharp

concentrator.

In [11], the term “local yield strength” is applied to acute stress concentrators when the area of the concentrator
adjacent to the top, experiences a complex stress state (CSS). Obviously, this term denotes the material flow stress on
the concentrator circuit. There is plane stress state on the surface at its top, and a triaxial CSS appears under the surface.
There, stiffness of the stress state increases sharply, therefore, the initial destruction of continuity is formed at some
distance from the surface (fig. 4). It is established that the onset of local fluidity in the stress concentrator zone does not
coincide with the level determined by the calculations based on strength criteria, particularly, according to von Mises—
Huber—Hencky. As the stress concentration increases, the difference increases between:

—yield strength o, ,, theoretically calculated according to this criterion;

— experimentally determined stress value of the local flow of material oj, in the region adjacent to the top of the
concentrator.

The results of experiments on plane samples of various steels and alloys [11, 16] show that ratio o} /0, is well
approximated by linear dependence on ay. Then, the yield condition can be written as:

0; = 09,(0.9 + 0.1a,), 5)
where o; — von Mises stress intensity.

The authors limited their experimental studies to values a; = 10, and the tests were carried out only on plane
samples with centrally located concentrators. In case of plane deformation, stiffness of the stressed state turns out to be
slightly higher. Therefore, it is logical to assume that fluidity at some values o would occur no earlier than at the
plane stressed state. And it is likely that the slope of the straight line according to equation (5) could be somewhat
different [11]. However, we focus on this dependence .

For the moment of the beginning of yield, assume that with the transition from elastic deformations to elastoplastic,

the ratio of the second and third main stresses to the first o, = 0, does not change. This has been proven
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experimentally.

We equate to (5), the intensity of the stresses of the beginning of von Mises yield according to the fourth (energy)
theory of strength, and introduce the coefficients of the relationship between the main stresses under plane deformation:
o0, = 0;/D; 6, = qoy; 05 = pur(1 + q)o; [15]. Here, ur = 0.5 — Poisson's ratio in the plastic region, and D —
overvoltage coefficient, which takes into account the increase in the first main voltage in the case of CSS. The equation
obtained with respect to g has two solutions. The first is for tensile o, component, the second — for the compressive
one. Tensile component o, increases stiffness of the stress state in the case of CSS. After transformations and

compressions, we can express it like this:

q=1—%(1+%). ©)

For the limiting case o, = 0., it is possible to neglect the change in the radius at the top of the concentrator and
the onset of some initial global fluidity for the net cross section. Then, the only value ay, satisfying the stiffness of the
stress state equivalent to the crack is 7.33. This validates approximate equality (4) obtained earlier. For other values, as
can be seen from (6), proportionality g will vary depending on value a; and o.

For a crack, coefficient D is determined from the equilibrium condition in the elastoplastic region and is calculated
for plane deformation from the formula:

p = Qemu-zo ©
where m — power hardening coefficient; u — Poisson's ratio in the elastic region.

For ferritic-pearlitic steels, this coefficient takes values from 0.22 to 0.26.

Multiplier before D in formula ¢ = 1 — 2D /+/3 for a crack is 1.156, and q for ferrite-pearlite steels is 0.73. Indeed,
when substituting o = 7.3 (6) for o = 045, We get g = 0.73. Next, we find o, if 6y,/0y4 > 1, at which the same
stress state is realized as at o = 7.3 and 6y, /0y — 1.

In [20], the impact of a; on the effective stress concentration coefficient K, is investigated, and for a typical
aluminum alloy, it is shown that, in the range o from 7 to 13, global extremum of the value K, is observed. It is quite
probable that such a significant maximum value may indicate brittle fracture at the initial stages of cyclic loading or
discontinuity at the top of the concentrator. In this case, the resource will depend only on the further ability of the
material to prevent the propagation of macrocracks.

Model of critical state at the top of an acute macro-stress concentrator. Almost all defects in the welded
connection of pipelines, hull ship structures, etc., create a stress concentration. An analytical model developed on the
basis of the concept of “local stress concentration factor” is presented in [9]. In addition, a simple dependence was
obtained based on the Neuber formula linking the theoretical generalized concentration factor and the concentration
factors of the intensity of elastic stresses and deformations. As a result, for the critical value of plasticity in the
concentrator focus, the following dependence was obtained:

0_Baé/(1+7n)

g =% (®)

E
where o, — critical value of the theoretical stress concentration factor; o — modulus of rupture; E — modulus of

elasticity; m — exponent of power hardening.

Dependence (8) gives such high values that are rarely found in practice. For example, with critical logarithmic
deformation for steel 50, the critical concentration factor is 26, and for high-strength steel 37KHN3A with
op = 1.014 MPa — more than 18. It can be concluded that such plasticity is unattainable until continuity is broken in
the first loading cycles. This is not surprising, since it is known that the maximum plasticity value for samples with
stress concentrators is significantly lower than for samples without stress concentration. In addition, &, should be

determined not only by the properties of the material, but also by the conditions for the development of plastic
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deformation before destruction. Similar results are given by the dependence used in [9]:

+ E€pasp Opazp )
OH
S.A. Kurkin used it for a comparative assessment of the material sensitivity to stress concentration. Here, ar

(XT=

characterizes the concentrator in which the crack occurs at specific load o;. Next, we will use the concept of “the most
probable initiation of a macrocrack in the concentrator” (born crack) o< for this case. The true deformation and stress
at the moment of occurrence of the discontinuity at the top of the concentrator are denoted respectively by
and o

€ They can be determined from the generally accepted formulas e,,,, = &, = In[1/(1 — ¢@,)] and

pasp pasp*
Opasp = Sorp = 05(1 + 1.4¢,). Here, S,,,, — true stresses of destruction at uniaxial stress state. Note that the fluidity in
the concentrator occurs according to (5). Replace oy = 0y, and o, with o ,. As a result, we obtain for the critical
states (ar = ab€) relative stresses of the nucleation of destruction 6% /o, , from the concentrator:

off _ JEEpaspOpasp (10)

602 ab(0.9+0.1a2)00 5"

Note that for a very small radius of the concentrator top (p < 10d,, where d, — average grain diameter), crack
propagation is limited at constant a;. As shown in [6], it depends on d, of steel. Formulas (8) and (9) are attractive to
an engineer because they provide comparing the material sensitivity to stress concentration and using the initial data of
the mechanical characteristics of steel.

We can get a slightly different model that takes into account the CSS in the area of the top of the macro-
concentrator. The author [12] uses the strength criterion of brittle fracture in the structural material o; > S,,,, where
Sorp — stress of normal fracture in the approximation to a uniaxial stress state. Significantly, this characteristic of the
material does not depend on the temperature of its test. We use this criterion in a slightly different way — for the
moment of occurrence of a discontinuity in the area of the top of the stress concentrator. Suppose that S, is achievable
in the case of constant energy equality at CSS and uniaxial stress state, i.e., with loss of plastic stability and transition
from a volumetric stress state (when o; is small) to a uniaxial stress state with an inevitable increase in deformations.

We use power approximation of the deformation diagram within the framework of the deformation theory of

plasticity. We equate true stresses o; of the deformation diagram in the elastic solution function of the problem m ¢; =

F(67) t0 S, As a result, we get:

ey
m -1 2
O'l- = GZ)’T’Z (O'Ey)) = SOTp = 03(1 + 14(\01()’ (11)
where 05” — uniaxial stresses in the elastic solution to the problem.

Writing (11) with respect to o ), we obtain an expression for the elastic solution to the stress concentration problem

i
on the other hand: 6% = a7 - o, Thus:

ENS)
A Oy = M_ (12)
m

Go.2

Here, o; — nominal workload on the welded joint. In hard points of welded structures, joints or under overloads, it
can reach the value of the yield strength of the material. Let us imagine a special case under conditions of cyclic loading
with hardening of the material for the moment of formation of the born crack discontinuity — failure initiation. After

transformations (12), we write down a simplified formula:
1+m
(XIT{C — [GB(1+1.4LpK) Zm' (13)

"
00.2

where a2¢ — value of the theoretical stress concentration factor at which the nucleation of destruction occurs in the
region of the top of the macro-concentrator; o, — yield strength of the material at the top of the concentrator, which

can be increased according to (5) in the case of CSS.
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At the moment of equality a; = ok, the nominal stresses must be equivalent to the nucleation (destruction)
stresses o¢. For this situation (13), we can write in relative values o%¢/c,, and construct the dependences of the

relative values of the stresses of fracture formation on the theoretical concentration factor a2¢ = ay-:

-2m

be _ 2-(a%’~5)m+1-03-(7<p1(+5)
Oy = bc
ar +9

Unfortunately, it is not possible to write (14) with respect to o2 at 6%¢/0,, = 1. However, o2¢ can be found

(14)

numerically for specific load o%¢, or diagrams of the danger of discontinuities in the form of a macrocrack in the focus
of the concentrator can be constructed.

Dependences are analytically obtained for calculating critical theoretical stress concentration factors related to the
mechanical characteristics of the material and a given external static load under the condition of a volumetric stress
state for concentrators in welded joints. It is shown that the volume of the stress state in the concentrator focus affects
significantly the value of the critical theoretical stress concentration factor. It is established that the complex stress state
in the concentrator focus can be controlled by the geometric characteristics of the concentrator itself and its location
relative to the external stress field.

Experimental data of steels (see Table 1) are obtained from literary sources. These are ferrite-perlite materials for
which formula (14) has shown good agreement. Dependence (14) is attractive because standard mechanical
characteristics are used as initial data. It can also be used to assess the risk of defects in the fusion zone (fig. 1,fig. 2),
where hardening structures are formed, whose properties differ significantly from the initial characteristics of the
welded steel.

Solutions for (9) and (14) are used more often for the most brittle steels at low a2. However, in the area of high
stress concentration, critical ratios o%¢/o,, for different steels will be very close in values. This can be explained by
the fact that with the CSS, a stress state similar to a dangerous case is created for all steels in the top region. In the
region of small stress concentrations, solutions to model (9) show higher critical stress values o%¢. Note that the
average value o2 at o%° ~ o, , is ~8.5. For steels with different mechanical characteristics, it does not change as much
as according to the calculated results of model (9).

Figure 5 is constructed to validate the calculation results based on the physical adequacy of model (14). These are

graphs of critical state dependences 62 /6, , from ob¢

ZC/GT 1 ] 1 ] 1 T
St3
— 37KHN3A
10¢ — Steel 50
Steel 10
0.8[ — 22k
— 30KHGSA
—— Steel 50
0.6 L —— 37 KHN3A
St3
Steel 10
04L ook
—— 30KHGSA
0.2L
0 1 1 1 L 1 1
5 10 15 20 25 30 35 obe '

Fig. 5. Dependences of changes in the relative voltage of the external load 6%¢ /6, from a2€ for the critical state at the top of the
stress concentrator. Solid curves — formula (14); dotted curves — formula (10)

Model (9), which does not take into account the volume and increase in yield stresses at the top of the concentrator,
gives a2 =91 at stresses o2° = 0.50,, for steel 10, which is unlikely. If we take into account the volume in this
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model, then a2¢ = 33, which is significantly less. Taking into account the volume of the stressed state, the critical
plastic deformation is reduced to the occurrence of destruction during static tensile of the samples. This was validated
by experiments with various steels and alloys®. Moreover, the researchers obtained less ductility of the steels on
corroded samples. Here, it was shown that a volumetric stress state was created at the tops, and the volume prevented
the free flow of plasticity. The plasticity before the destruction of these samples was 40 %, and the yield strength
increased to 27 % [21]. It can be concluded that deeper concentrators cause a greater increase in the yield strength. The
results of indirect experiments allowed us to assert that under hydrostatic load, the fluidity is not fixed, in this case the
material only embrittles. However, in the focus of the concentrator, with an increase in the external load, the volumetric
stress state cannot remain stable enough for the development of a higher volume level. Therefore, bifurcation is
inevitable. Further, the development can go in two directions:

— fragile destruction or its beginnings in the focus;

— loss of stability of the stress state and, as a consequence, the transition to a sharp increase in plastic deformations.

Probably, the moment of bifurcation should be considered a critical state in the focus of the concentrator. Perhaps,
this moment depends significantly on the depth of the concentrator, its relative length and depth to the thickness of the
part, orientation to the external stress field, as well as on the mechanical characteristics and extent of the concentrator
focus. All this requires additional research and more precise solutions.

Discussion and Conclusions. Defects and design features of welded joints (weld groove geometry, incomplete
penetration, undercuts, pores, hardening structures, etc.) reduce static and fatigue strength. Stress concentrators are
typical for welded joints, having a long and shallow shape relative to the thickness of the parts being connected
(undercuts) or long and deep (incomplete penetration, etc.). All of them reduce fatigue strength. The analytical models
obtained in the presented work allowed us to draw a number of conclusions.

1. The operation of the material at high values of the theoretical stress concentration factor depends on the stress
state and its rigidity, as well as on mechanical and structural characteristics. The latter may differ from the parameters
of the source material, since the tops of the concentrators may be located in the fusion zones of welded joints.

2. A rigid stress state in the stress concentrator focus can cause an increase in the yield strength. In this case, the
passage of shear deformation is restrained, and the onset of the limiting state is achieved at a lower value of the
theoretical stress concentration factor and is characterized by discontinuity at a constant value of the external load.

3. Comparison of high-strength steels with ductile and ordinary strength steels at the same level 6% /o, , . In the
second case, the formation of the volume of the stress state will have a more significant effect on the change in the
critical value of the theoretical stress concentration factor, at which the nucleation of destruction occurs in the region of
the top of the macro-concentrator o€ (fig. 5).

4. Comparison of models (14) and (10) allows us to draw a certain conclusion. Taking into account the rigidity of

the stress state and the increase in the yield strength at o%¢/c,, — 1 from below, (10) gives estimate o2 with a

margin of safety, if we are talking about 6%°/c,, = 0.8 (30KHGSA). For less durable steel (14), the margin of strength
at o%¢/0,, = 0.5 (37KHN3A), etc. Thus, it is preferable to take into account the volume and use model (14).

5. The dependences on the diagram of the theoretical stress factors are more densely grouped in (14), than in (10)
due to very similar stress states in the region of the tops of acute stress concentrators. Therefore, the mechanical
characteristics of steels have a secondary effect on o2<.

6. With an increase in the theoretical stress concentration factor and a decrease in o€ at the same level o%¢ /o, , of
the external load, the influence of the structural factor in steel on the occurrence of initial destruction (formation of
discontinuity) reduces. However, for further destruction, the resistance of the material to macrocrack growth is
essential. After its occurrence, other criteria of mechanics and kinetics of destruction are triggered.

The presented study can serve as a prerequisite for the development of analytical models to assess the residual life of
welded joints and structures exposed to cyclic loads. Further research will presumably refine the analytical models. The
authors will check and test the results through CAE modeling and proceed to the evaluation of effective stress
concentration factors.

6 Krokha VA. Metal Hardening under Cold Plastic Deformation. Moscow: Mashinostroenie: 1980. 157 p. (In Russ.)
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