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Abstract. Steels of X70 strength class are particularly widely used in the field of heavy engineering. One of the most important issues when choosing
steel for structures is its behavior under cyclic loads. It is difficult to find a description of the behavior of all zones of the welded joint under fatigue.
The purpose of this study was to determine the fatigue characteristics of welded joints made of the Russian analogue of S690QL steel with fixation
of acoustic and magnetic parameters for their use in the diagnosis. The objects of the study were the samples from domestic steel of X70 strength
class. The chemical composition was determined using optical emission spectrometry. The grinds for microstructural analysis were prepared according
to the standard technique with etching in the metal. The fatigue test was carried out on a specialized test bench. The authors used the acoustic system
AIS NRK-3 for acoustic measurements and the acoustic parameter D — as an informative parameter. A MA-412MM coercitimeter was applied
to evaluate the magnetic characteristics. The following were evaluated: residual magnetization B , coercive force H_, H /B, ratio. The smallest number
of cycles corresponds to the deposited metal zone. The decrease in amplitude showed a significant variation in the behavior of the material depending
on the junction zone. However, the curves for heat affected zone (HAZ) and the deposited metal are practically the same. HAZ differs to a lesser extent
from the base metal than the deposited metal zone. The graph of the acoustic parameter in its form is the reverse of the magnetic characteristics graph.
Thus, there is a minimum for the acoustic parameter, depending on the operating time, and a maximum for the magnetic characteristics. For both
graphs, the extremum is the point corresponding to the operating time of 0.6.
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CBAPHOIO COEAMHEHUA CTANU KNACCA NPOYHOCTU X70

A. A.Tankum, 10. T. Ka6aaaus, 10. C. Mopaosuna ©, M. C. AHOCOB

Hu:xeropoackuii rocynapcrBennblii Texunyeckuii ynusepcutet uM. P.E. AsekceeBa (Poccus, 603022, Hmxanit Hosropon,
yi1. MuHuHa, 24)

&) ips4@nntu.ru

AnHomayus. lllupokoe npuMeHeHne B 00JaCTU TSHKEIOro MAIIMHOCTPOSHUS MOIYYMIIN CTaIN Ki1acca npodHocty X70. OnHuM u3 Hanbosee BasKHbIX
BOIPOCOB TIPU BBIOOPE CTAIM JUIsl KOHCTPYKLMH SIBISETCS €€ MOBeJCHHE MPH LUKINYECKUX Harpy3kax. B HayuHoli sureparype TpyIHO HaWTH
OTMCAaHUE TIOBEJICHNS BCEX 30H CBAPHOTO COECAMHEHMS MPU YCTATOCTH. [103TOMY Ienhi0 JaHHOTO MCCIIEIOBAHMS SIBISIETCS ONPEAEICHIE XapaK-
TEPUCTUK YCTAJIOCTHOW NMPOYHOCTH CBApHBIX COCAMHEHMI M3 poccuiickoro aHanora craiu S690QL c ¢uxcamuell mapaMeTpoB aKyCTHYECKOMH
Y MarHUTHOM Ne()eKTOCKONUU Al UX MPUMEHEHHMS TIPH IMarHOCTHKE KOHCTPYKIMIT BO BpeMsi dKCILTyaTaluy. B kauecTBe 00beKTa MCClIeJOBaHUS
OBLIM B3ATHI 00pa3Lbl U3 OTEUECTBEHHOI cTaiy Kiacca MpoyHocTH X70. XUMHUECKUil COCTaB OMPEIENISIICS ¢ TIOMOIIBIO ONTHKO-3MHCCHOHHON
criekrpomerpuu. Iloaroroska numgoB s MUKPOCTPYKTYPHOIO aHalM3a IPOBOAMIIACH 10 CTAHAAPTHON METOJHMKE C TpaBJICHHEM B HHTAJE.
HMcnbiTanue Ha yCTanocTh NPOBOAMIOCH HA CHELUATN3MPOBAHHOM CTeH/e. [ akyCTHYECKHX U3MEPEHHI MPUMEHSIIN aKyCTUYECKUI KOMIUIEKC
AUC HPK-3, B kauecTBe MH(POPMATUBHOTO IapaMeTpa HCIONb30BANICS aKyCTHueckuil mapamerp D. J{isi OLEHKH MarHUTHBIX XapaKTEPUCTHK
UCTIONB30BaNICA KoopuuTUMETp MA-412MM. OueHuBaniuch OCTaTouHas HAMarHMYEHHOCTh B, kodpuuthBHas cwia H , ornoumenue H /B, .
Haumenbliiee KOIMYECTBO IUKIOB COOTBETCTBYET 30HE HAIIABICHHOTO MeTauia. CHIKEHNE aMIUTUTY/IbI TIOKA3aJ10 3HAaUMTeNbHBII pa30er B mose-
JICHUH MarepHalia B 3aBUCHMOCTH OT 30HBI coeinHeHus1. OHaKo KPUBBIE JUIS 30HBI TepMuueckoro BiausiHus (3TB) u auist HanmasieHHOTO MeTasuia
npakTuuecku cosnaznator. [lpu sTom 3TB B MeHblei cTeneny omyaeTcs OT OCHOBHOIO METaslIa, 4YeM 30Ha HaIUIaBJIeHHOro MeTasia. I'paduk
AKyCTHYECKOTO IapaMeTpa 1o CBOEMy BHUJLY SBJISETCSl 0OPATHBIM MO OTHOLIGHHIO K Tpa)Ky MArHUTHBIX XapakTepUCTUK. Tak, Uil aKyCTHYECKOTO
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napamMeTpa B 3aBUCUMOCTH OT Hapa60TKI/I HUMECTCS MUHUMYM, a JUIsI MArHUTHBIX XapaKTCPUCTUK — MAKCUMYM. Ho JJI 00oux Fpa(i)I/IKOB OKCTpe-

MYMOM SIBJISIETCSI TOUKa, COOTBETCTBYoMIast Hapabotke 0,6.
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YEHHOCTb, YCTAIOCTh CBAPHBIX COCUHEHHH, Kiacc mpouHoctu X70
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- INTRODUCTION

High-strength steel with a yield strength of 690 MPa
(X70 strength class) is widely used in the produc-
tion of earth-moving machinery, lifting machines, and
cranes [1]. These high-strength steels are often defined
as having a tensile strength of 1800 — 2000 MPa [2; 3].
However, in the same industries, steels referred to as
High Strength Steel (HSS) in foreign literature are
also used, with tensile strength starting from as low as
490 MPa [4; 5].

This class of steel was developed by combining alloy-
ing with controlled rolling technologies. It includes:
S700MC (standard EN 10149-2); S690Q, S690QL,
S690QL1 (standard EN 10025-6); QStE 690 TM (Ger-
many); Strenx 700MC (SSAB); E 690 D (France); A514
(AISI, USA). In Russia, analogous steels have been
developed under import substitution conditions.

One of the most important questions when choosing
steel for structures is its behavior under cyclic loads,
which lead to fatigue failure. Traditionally, low-cycle
and high-cycle fatigue are distinguished [6]. Recently,
the concepts of gigacycle and even teracycle fatigue
(hyperfatigue failure) have been introduced. These are
differentiated by the number of working cycles (N) pre-
ceding failure:

* low-cycle fatigue: N < 5-10% cycles;

* high-cycle fatigue: 5-10* < N < 10® cycles;

» gigacycle fatigue: N > 108 cycles [7; 8];

« teracycle fatigue: N=10'" ... 10'? cycles [9].

This study examines low-cycle fatigue (LCF) —
the fatigue of material where damage occurs under
elastoplastic deformation in a microvolume. The max-
imum durability before failure is approximately
N, =5-10* cycles [10]. Low-cycle failure in mechanical
engineering is most often associated with comparatively
rare but repetitive overloads. This type can be encoun-
tered in any branches of mechanical engineering but
is particularly frequent in aircraft engines, aerospace
industry, powertrains in the automotive industry, and
power plants [11; 12].

Mainly, fatigue resistance characteristics are deter-
mined for metal not subjected to welding, or only
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the behavior of a single joint zone is described [13 — 15].
Therefore, the issue of material behavior under fatigue
is more acute for welded joint zones, as such studies are
much less represented. It is even more challenging to find
information on new grades of materials due to difficulties
in obtaining metal for research.

It is well known that the least durable area of a welded
joint is either the heat-affected zone (HAZ) [16; 17] or
the deposited metal zone, which can differ significantly in
chemical composition from the base metal. Considering
that welding is a source of defects resulting from physi-
cal and structural changes, the fatigue strength of welded
joints is lower than that of the base material [18; 19].
It is noted that the weld seam under standard testing
methods is the most reliable part of the welded structure,
but it becomes the most vulnerable during fatigue test-
ing: characteristics decrease by up to 60 % compared
to unwelded metal [20].

Thus, the aim of this study is to determine the fatigue
strength characteristics of welded joints made of new
domestic steel (analogous to S690QL) while simulta-
neously recording the parameters of acoustic and mag-
netic flaw detection for the application of the obtained
values in further diagnostics of structures made from
the studied steel during operation.

[l MATERIALS AND METHODS

The study focuses on welded samples made from
domestic steel with of X70 strength class. The investi-
gated steel is an analogue of the European S690QL steel.
Its chemical composition and mechanical properties,
specified in the Technical Standard (TS), are presented
in Tables 1 and 2, respectively. For the butt weld, a filler
material of 1.2 mm ESAB ArisroRod 69 welding wire
was chosen (chemical composition), wt. %: C 0.089;
Cr 0.26; Mn 1.54; Mo 0.24; Ni 1.23; Si 0.53).

The actual chemical composition of the investigated
steel was determined using optical emission spectrometry
on an ARL 3460 spectrometer.

Preparation of samples for microstructural analysis
followed standard procedures (grinding with sandpaper
followed by polishing with felt) with etching in nital.
Microstructure images were captured using an Altami
MET 1C microscope.
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Table 1. Chemical composition of the studied steel (maximum content)

Tabauya 1. Mapo4YHbIii XHMHYECKHU COCTAB HCCJIEYeMOii CTaJIM (YKa3aHO MAKCHUMAJILHOE CO/IepsKaHNe)

test bench, shown in Fig. 1, a. The test bench includes
a fatigue strength testing setup, signal registration, and
processing equipment. Acoustic emission sensors were
mounted on the sample. The fatigue test sample configu-
ration is shown in Fig. 1, b.

Loading during testing followed a cantilever bend-
ing scheme (cycle asymmetry coefficient R=-1)
at a temperature of 20 °C, considering the requirements
of GOST 25.502—79. The frequency of elastoplastic
cyclic loading was set at 25 Hz. The loading amplitude
(0,,,) was calculated based on the loading scheme, sam-
ple dimensions, and material mechanical characteristics.

For acoustic measurements, the AIS NRK-3 acous-

tic system was used. The dimensionless parameter D,

referred to as the acoustic parameter, was employed as an

informative parameter in acoustic emission and is defined
by the formula

p-ata

G

where ¢, and c, are the propagation speeds of shear elas-
tic waves with polarization (direction of particle oscilla-
tion) along and across the sample axis, respectively; c; is
the propagation speed (delay) of the longitudinal elastic
wave [21; 22].

Magnetic characteristics were assessed using a mag-
netic metal analyzer — coercimeter MA-412MM. The
magnetic characteristics evaluated were residual magne-
tization B , coercive force H_, and H /B ratio.

[l RESULTS AND DISCUSSION

The chemical analysis showed that the obtained
result generally corresponds to the grade composition
of the steel (Table 3).

Fig. 2 shows the microstructures of the weld zones
of the investigated steel. The base metal consists of fine

Element C Si Mn P S Cr | Mo Ni Cu | Nb A% Al
Content, % 0.20 | 0.86 | 1.80 |0.018| 0.01 | 1.00 | 0.50 | 1.10 | 0.30 | 0.07 | 0.14 | 0.05
Table 2. Mechanical properties of the studied rolled steel
Tabauya 2. MexaHn4ecKUe CBOIICTBA NMPOKATA HCCIEIYeMbIX CTajeil
Plate Yield Tensile Eloneation. % Impact toughness,
thickness | strength, MPa | strength, MPa & 70 KCV ,, J/em?
<40 mm 80.0
690 770 — 940 14
>40 mm 37.5
Fatigue testing was conducted on a specialized Dewar vessel Cryogenic pipeline  Cryochamber

Fatigue test
bench

50+0.1

253

e

b

15 +0.05

Fig. 1. Fatigue test:
a — fatigue test bench;
b — diagram of a sample for fatigue test

Puc. 1. VcnibiTaHue Ha yCTAJIOCTh!
a — CTeH]| JUIsl UCTIBITaHUiT 00pa3LoB;
b — cxema ob6pasua [yt UCIIBITaHU i

10+0.1
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Table 3. Actual chemical composition of the steel of X70 strength class

Tabauya 3. ®akTHYECKHiT XHMHUYECKHUI COCTAB CTAJIH KJiacca mpoyHocTu X70

Element

C

Si

Mn

P

S

Cr

Mo

Ni

Cu

Nb

v

Al

Content, %

0.160

0.340

1.250

0.010

0.0006

0.280

0.220

0.030

0.050

0.020

0.003

0.040

grains of acicular ferrite with tempered sorbite inclu-
sions. The heat-affected zone contains well-defined grains
of ferrite with troostite-sorbite inclusions. The average
grain size was 35 um. The microstructure of the depos-
ited metal consists of spheroidized ferrite and pearlite

Fig. 2. Microstructure of butt welded joints:
a — deposited metal; b — heat affected zone; ¢ — base metal

Puc. 2. MUKPOCTPYKTypa CTBIKOBBIX CBAPHBIX COCAMHCHHIA:
a — HAIUIABJICHHBIN MeTaul; b — 30Ha TEPMHUYECKOTO BIUSIHUSL;
¢ — OCHOBHOM MeTasl1

412

with sorbitic structures, and traces of bainite. The crystals
are oriented parallel to the heat flow.

LCF tests were also conducted on welded samples in
all three zones of the weld joint. The obtained data are
presented in Table 4 and shown in graphs in Fig. 3. Most
samples of S690QL steel (Russia) failed in the weld zone
during LCF testing. This could be due to the deposited
metal differing in chemical composition from the inves-
tigated steel, resulting in different mechanical properties
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Fig. 3. Wehler curves for S690QL steel (Russia)
depending on the tested welded joint zone:
a — absolute coordinates; b — logarithmic coordinates;
1 —base metal; 2 — HAZ; 3 — deposited metal

Puc. 3. Kpussie Benepa st cranu S690QL (Poccenst)
B 3aBUCHMOCTH OT MCIIBITAHHOMN 30HbI CBAPHOI'O COCIMHCHUSL:
a — abCOJIOTHBIC KOOPMHATBI;
b — norapudMuUYeCcKrue KOOPAUHATI;
1 — ocHoBHOI MeTan; 2 — 3TB; 3 — HanTaBIEHHBIN METaT
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Table 4. Results of low-cycle fatigue tests
of S690QL steel (Russia)

Tabauya 4. Pe3ynbTarsl HenbITaHui Ha MITY
craau S690QL (Poccusn)

Stress, MPa
Weldzone | 320 | 360 | 400 | 450 | 480 | 500
Number of cycles
Base metal | 59,000 | 28,560 | 12,200 | 3150 | 1200 | 500
HAZ 32,000 | 13,600 | 4900 | 1200 | 340 | 150
D‘iﬁzts;ied 30,000 | 12,500 | 4500 | 1000 | 350 | 120

compared to the base metal. Microstructural heterogene-
ity also contributes to this: the deposited metal shows
signs of a quenched structure, with oriented structural
components that reduce ductility and consequently lower
the energy threshold for fatigue crack propagation.

The tangent of the slope of the lines in Fig. 3, b
(-0.0918, —0.0813, —0.0802) corresponds to low-carbon,
low-alloy ferrite-pearlite class steels (e.g., 09G2S).

The comparison of fatigue resistance in the weld zones
of S690QL steel (Russia) shows the following results.

* The fatigue curves for all weld zones intersect only
in the high-stress region (around 500 MPa). However, this
appears so only due to the scale. In reality, at 500 MPa,
the number of cycles for the base metal is 230 % higher
than that for the HAZ and 320 % higher than that for
the deposited metal.

* Further reduction in amplitude shows a significant
divergence in material behavior depending on the weld

320

270 -

220 -

170 -

120

Percentage difference, %

70 I I I I I
320 350 380 410 440 470 500

Stress, MPa

Fig. 4. Percentage difference for welded joint zones
in comparison with the base metal:
1 —HAZ; 2 — deposited metal

Puc. 4. IIpouieHTHas: pa3HOCTH [UIsl 30H CBAPHOI'O COEIUHEHUS
B CPaBHEHUH C OCHOBHBIM METaJUIOM:
1 —3TB; 2 — HarU1aBJICHHBIA METAIUT

zone. However, the curves for the HAZ and deposited metal
almost coincide (both in absolute and logarithmic coordi-
nates). If the percentage difference between the fatigue
characteristics for the pairs “base metal — deposited
metal” and “base metal — heat-affected zone” is plot-
ted, the resulting graph is shown in Fig. 4. It is evident
that the HAZ differs less from the base metal compared
to the deposited metal. Additionally, the percentage dif-
ference for the deposited metal shows a nearly linear
trend compared to the HAZ. Clearly, the greater the stress
amplitude, the larger the percentage difference for both
zones.

For the study of ultrasonic parameter changes, addi-
tional fatigue tests were conducted with stress amplitudes
0f 300, 350, and 450 MPa. It was established that the most
informative is the pattern of changes in the acoustic
parameter D. The study of this parameter was conducted
up to the point of main crack formation. The obtained
dependencies of the acoustic parameter D on the sample’s
operating time N/N™ (the ratio of the number of cycles
corresponding to a given point to the number of cycles
recorded during tensile testing) at the investigated stress
amplitudes are shown in Fig. 5.

To determine changes in the magnetic characteris-
tics of the steel based on its operating time, one stress
amplitude — 350 MPa — was selected. The corresponding
dependencies are shown in Fig. 6.

The analysis of acoustic parameter changes (Fig. 5)
shows that for S690QL steel (Russia), a monotonous
decrease in parameter D is observed up to an operat-
ing time of 0.6 (except for the curve with an amplitude
of 450 MPa), followed by a slight increase before the for-
mation of the main crack.

0.912 4

0.911
¢
0.910
0.909
0.908

0.907

Acoustic parameter D

0.906

0.905 | | | |
0 0.2 0.4 0.6 0.8 1.0

Operating time N/N”
Fig. 5. Dependence of acoustic parameter D

on operating time (N/N™) for steel S690QL (Russia) at MPa:
1-300; 2—-350; 3-450

Puc. 5. 3aBECHMOCTb aKyCTHYECKOTrO rapamerpa D
ot Hapabotku (N/N™) mns cranu S690QL (Poccus), MIla:
1-300; 2—-350; 3-450
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325 | 9.00
3.20 ! 8.80
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0 0.2 04 0.6 0.8 1.0
Operating time N/N

Fig. 6. Dependence of magnetic characteristics
on operating time (NV/N ) for steel S690QL (Russia):
1-H:;2-H/B,

Puc. 6. 3aBUCMMOCTb MarHUTHBIX XapaKTEPUCTUK
ot Hapabotku (N/N*) mnst cramm S690QL (Poccwus):
I1-H;2-H/B,

Fig. 6 shows the dependencies of magnetic character-
istics during fatigue loading. Overall, the dependencies
of the coercive force H_ and its ratio to residual magneti-
zation (H _/B)) correlate with each other and with changes
in the acoustic parameter. This dependency remains prac-
tically unchanged with varying stress amplitudes. For
example, up to an operating time of 0.6, a monotonous
increase in magnetic characteristics is observed, followed
by a decrease to initial values in the stage before the for-
mation of the main crack.

A similar pattern of changes in acoustic and magnetic
parameters with comparable values was obtained for
09G2S steel [21], which can be explained by the chemi-
cal composition of the steels (both are low-carbon, low-
alloyed) and their structural class (ferrite-pearlite when
cooled in air).

- CONCLUSIONS

The conducted studies have shown that the weakest
point under fatigue for the steel of X70 strength class is
the deposited metal, due to the difference in chemical
composition between the welding wire and the base metal
(particularly in carbon content: up to 0.2 % for the steel,
and up to 0.089 % for the wire).

The behavior of the weld zones of the investigated steel
shows a consistent pattern; however, the fatigue resis-
tance of the deposited metal and the heat-affected zone is
significantly lower than that of the base metal. Notably,
the number of cycles during fatigue testing decreases
more significantly for the deposited metal. It is observed
that the greater the amplitude stresses, the higher the per-
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centage difference between the considered weld zone and
the base metal.

The dependencies of the acoustic parameter and mag-
netic characteristics (coercive force, and its ratio to resi-
dual magnetization) exhibited extremums at the point cor-
responding to 0.6 of the operating time on the respective
graphs, indicating the formation of a main crack. Thus,
the main stage of failure for the steel of X70 strength
class occurs when 60 % of the resource is expended.
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