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Аннотация. Широкое применение в области тяжелого машиностроения получили стали класса прочности X70. Одним из наиболее важных 

вопросов при выборе стали для конструкций является ее поведение при циклических нагрузках. В научной литературе трудно найти 
описание поведения всех зон сварного соединения при усталости. Поэтому целью данного исследования является определение харак-
теристик усталостной прочности сварных соединений из российского аналога стали S690QL с фиксацией параметров акустической 
и магнитной дефектоскопии для их применения при диагностике конструкций во время эксплуатации. В качестве объекта исследования 
были взяты образцы из отечественной стали класса прочности X70. Химический состав определялся с помощью оптико-эмиссионной 
спектрометрии. Подготовка шлифов для микроструктурного анализа проводилась по стандартной методике с травлением в  нитале. 
Испытание на усталость проводилось на специализированном стенде. Для акустических измерений применяли акустический комплекс 
АИС НРК-3, в качестве информативного параметра использовался акустический параметр D. Для оценки магнитных характеристик 
использовался коэрцитиметр МА-412ММ. Оценивались остаточная намагниченность Br , коэрцитивная сила Hc , отношение Hc /Br . 
Наименьшее количество циклов соответствует зоне наплавленного металла. Снижение амплитуды показало значительный разбег в пове-
дении материала в зависимости от зоны соединения. Однако кривые для зоны термического влияния (ЗТВ) и для наплавленного металла 
практически совпадают. При этом ЗТВ в меньшей степени отличается от основного металла, чем зона наплавленного металла. График 
акустического параметра по своему виду является обратным по отношению к графику магнитных характеристик. Так, для акустического 

  ips4@nntu.ru
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 Br , coercive force Hc , Hc/Br 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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 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∙104 cycles;
• high-cycle fatigue: 5·104 < N ≤ 108 cycles;
• gigacycle fatigue: N > 108 cycles [7; 8];
• teracycle fatigue: N = 1010 … 1012 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 
Nk = 5·104 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 

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.

 
 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.

параметра в зависимости от наработки имеется минимум, а для магнитных характеристик – максимум. Но для обоих графиков экстре-
мумом является точка, соответствующая наработке 0,6. 

Ключевые слова: усталость, малоцикловая усталость, сварные соединения, акустический параметр, коэрцитивная сила, остаточная намагни-
ченность, усталость сварных соединений, класс прочности X70
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Fatigue testing was conducted on a specialized 
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 
(σmax) 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

where c1 and c2 are the propagation speeds of shear elas-
tic waves with polarization (direction of particle oscilla-
tion) along and across the sample axis, respectively; c3 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 Br , coercive force Hc , and Hc /Br ratio.

 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 

Table 1. Сhemical composition of the studied steel (maximum content) 

Таблица 1. Марочный химический состав исследуемой стали (указано максимальное содержание)

Element C Si Mn P S Cr Mo Ni Cu Nb V 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

Таблица 2. Механические свойства проката исследуемых сталей

Plate 
thickness

Yield 
strength, MPa

Tensile 
strength, MPa Elongation, % Impact toughness, 

KCV–40 , J/cm2

<40 mm
690 770 – 940 14

80.0
≥40 mm 37.5

Fig. 1. Fatigue test: 
a – fatigue test bench; 

b – diagram of a sample for fatigue test

Рис. 1. Испытание на усталость:
а – стенд для испытаний образцов;  
b – схема образца для испытаний
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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 μm. The microstructure of  the depos-
ited metal consists of  spheroidized ferrite and pearlite 

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 

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

Таблица 3. Фактический химический состав стали класса прочности Х70

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

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

Рис. 2. Микроструктура стыковых сварных соединений:
а – наплавленный металл; b – зона термического влияния; 

c – основной металл

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

Рис. 3. Кривые Велера для стали S690QL (Россия) 
в зависимости от испытанной зоны сварного соединения: 

а – абсолютные координаты; 
b – логарифмические координаты; 

1 – основной металл; 2 – ЗТВ; 3 – наплавленный металл
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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 

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 
of 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. 

Table 4. Results of low-cycle fatigue tests  
of S690QL steel (Russia) 

Таблица 4. Результаты испытаний на МЦУ  
стали S690QL (Россия)

Weld zone
Stress, MPa

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

Deposited 
metal 30,000 12,500 4500 1000 350 120

Fig. 4. Percentage difference for welded joint zones 
in comparison with the base metal: 

1 – HAZ; 2 – deposited metal

Рис. 4. Процентная разность для зон сварного соединения 
в сравнении с основным металлом: 
1 – ЗТВ; 2 – наплавленный металл

Fig. 5. Dependence of acoustic parameter D  
on operating time (N/N *) for steel S690QL (Russia) at MPa: 

1 – 300; 2 – 350; 3 – 450

Рис. 5. Зависимость акустического параметра D  
от наработки (N/N *) для стали S690QL (Россия), МПа: 

1 – 300; 2 – 350; 3 – 450
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Fig. 6 shows the dependencies of magnetic character-
istics during fatigue loading. Overall, the  dependencies 
of the coercive force Hc and its ratio to residual magneti-
zation (Hc /Br ) 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-

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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