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The accumulation of damage in the form of initiation and growth of micro-cracks is the first stage of destruction that
ends when the merger microcracks form macro cracks. Cracks formed in the cycle number N =10%- 10° are the result
of low cycle fatigue. From the need to evaluate low cycle fatigue life was carried out to investigate the low cycle
fatigue microalloyed high-strength steel S690QL in the heat-treated.
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INTRODUCTION

Production of lightweight and reliable structures is
possible primarily by using light or high-strength mate-
rials. This special place is occupied by the microalloyed
high-strength steels, due to availability of the steel as a
material, and finally to their cost significantly more ac-
ceptable in comparison to other alternative materials.
Namely, the use of high-strength steel may reduce the
weight up to two times, and thus the costs of procure-
ment, manufacturing, installation and testing of a steel
structure. So today it is impossible to imagine the con-
struction of mobile and fixed cranes, bridges, structures
of stadiums and halls, passenger and freight cars (road
or rail), or equipment for mining, without the use of
high-strength steel.

Also, considering that they possess a good combina-
tion of mechanical properties, these steels find use in
the construction of highly demanding structures such as
pipelines in the oil and gas industry, pipelines for hy-
dro-power plants, pressure vessels, tanks and the like.
Despite its high strength, and considering the type of
structures to be used for, these steels should meet es-
sential mechanical, technological and design require-
ments [1].

This is particularly emhasized because of their unfa-
vorable ratio of yield stress and tensile strength. Name-
ly, the higher the ratio, the project codes are considered
to provide greater “reserve” in case of overloading, and
thus significant plastic strain that would precede the
eventual fracture, or damage of a structure. Thus, in or-
der to ensure higher safety in the application of high-
strength steel, standard tensile and impact tests must be
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accompanied by appropriate tests in terms of fatigue
and fracture mechanics. This is particularly important
considering the fact that the highly efficient methods
and procedures for the assessment and design of various
types of structures, based on the knowledge of these pa-
rameters (Eurocode, SINTAP, FITNET) were recently
developed [2 - 4].

Taking into account that the high-strength steels are
predominantly used for manufacture of welded struc-
tures, the phenomenon of heterogeneity of welded
joints, or so-called “mismatching” of the microstructure
and mechanical properties of the three main areas of
welded joint: weld metal, heat-affected zone and the
base metal is of particular importance. Also, taking into
account that the welded joints are well known as struc-
tural joints containing smaller (acceptable) or larger
(non-allowable) defects, the application of these test
methods reaches its peak [5].

The development of new methods for testing of the
materials, and particularly of the methods essential for
assessment of the behavior of structural materials in ex-
ploitation (low-cycle and high-cycle fatigue, fracture
mechanics, etc.) enabled better characterization of the
mechanical and technological properties of high-
strength steel. For the necessities of assessment of the
low-cycle fatigue life, the resistance of as-heat treated
microalloyed high-strength steel S690QL to the low-
cycle fatigue was tested.

TEST RESULTS

The procedure of testing of the resistance of as-heat
treated, microalloyed high-strength steel S690QL 30
mm thick to low-cycle fatigue consisted of [6]:

« determination of the chemical composition of the

tested sample,

« preparation and testing of cylindrical smooth spec-

imens, to determine the tensile properties and
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check the target tensile strength of R = 850 MPa,
and

* preparation and testing of cylindrical smooth spec-

imens, to determine the characteristic parameters
of low-cycle fatigue.

Determination of the chemical composition of the
submitted sample was made on the JOEL quantometer,
on specially prepared plates. Results of the determinati-
on of the chemical composition are given in Table 1.

Table 1 Chemical composition / mass. % [6]

C Si Mn P Cr Cu Mo Ni Ti
0,15 0,19 0,96 | 0,01 0,3 0,12 0,4 0,08 | 0.03

Tensile testing of the specimens taken from the sam-
ple submitted were conducted at room temperature. The
tests procedure and specimen geometry are defined in
the standard EN 10002-1 [7]. Results of the determina-
tion of tensile properties are given in Table 2.

Table 2 Results of tensile test [8]

Sample Designation R,,/MPa | R /MPa | A/% | E/GPa
S690QL -1 770 881 19,1 206,1
5$690QL -2 771 881 19,6 206,2
S690QL -3 772 883 17,6 206,3

Typical diagram of tensile testing stress-elongation
for the specimen designated as S690QL-1, tested at
room temperature, is shown in Figure 1.

The procedure for determination of the low-cycle
fatigue characteristics, as well as the geometry of
smooth cylindrical specimen, are defined by the follow-
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Figure 1 Diagram Stress - Elongation for the Specimen
S690QL-1 [8]
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ing standards ASTM E513 [9], ASTM E606 [10], and
ASTM E739 [11]

Dynamic testing in order to determine the parame-
ters of low-cycle fatigue were conducted on a ser-
vohydraulic system for testing of the materials. The
strain-controlled regime was applied, with the cycle
asymmetry factor R = -1. Law of controlled strain is
defined by trigonometric function:

¢ =A21°'sin(2T“tj )

where we distinguish: the amplitude Ae / 2 / 2, the
time, t, in seconds, and the period, T, also expressed in
seconds.

The testing of the resistance of the specimens taken
from microalloyed steel S690QL to low-cycle fatigue
was conducted at strain amplitude levels Ae /2 = 0,3,
0,6, 0,8, 0,9, 1,0 and 1,2 %. The values of frequency f
associated with these levels are equal to the reciprocal
values of the corresponding periods, T.

To determine the elastic modulus, E, of the speci-
mens taken from a sample of high-strength steel
S690QL, tensile curves were used. The obtained values
of elastic modulus were quite uniform, and the mean
value of three tests amounted to 206,1 GPa.

Data on the stabilized hysteresis, supplem-ented with
data on the number of cycles to crack initiation, N,, for
the specimens made of high-strength steel S690QL are
given in Table 3. For the analysis, characteristic curves,
i.e. one specimen for each level of strain, were used.

Step function of the stress amplitude (Ao / 2) - am-
plitude of plastic strain (Ae_ / 2) in the log-log coordi-
nate system is linearized, i.e. transformed into the
straight line equation

. A .
IogATG:n Iog%ﬂogK 2

in whose experimentally determined form one can
observe the value of the cyclic strain-hardening expo-
nent n’, while the cyclic strength coefficient K’ may be
defined by inversion.

Linearized step function stress amplitude- plastic
strain amplitude for high-strength steel S690QL was
obtained by processing of data from columns 6 and 8,
Table 3, and using the least squares method of the ORI-
GIN user software in the log - log coordinate system.

Ae
Iog(AGj =01981log| —P| +32542 (3)
2 ), 2 ),

Table 3 Data on the Stabilized Hysteresis of the Specimen from Exploited Material

Specimen Ae /2 o,../MPa o.../MPa Ae /2 Ae /2 Ao /2/MPa N,
1 2 3 4 6 7 8 9

Al 0,003 4991 -493,5 0,003592 0,0017960 0,0012040 496,3 6850
A4 0,005 609,2 -612,8 0,007035 0,0035177 0,0014823 611,0 2340
A7 0,008 674,8 -668,9 0,01274 0,0063701 0,0016299 6719 707
A10 0,009 686,2 -688,3 0,014665 0,0073327 0,0016673 687,3 523
Al4 0,010 693,3 -694,9 0,016632 0,0083161 0,0016839 694,1 466
A17 0,012 695,5 -699,1 0,020617 0,0103083 0,0016917 697,3 218
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Figure 2 Linearized Step Function Stress Amplitude- Plastic
Strain Amplitude for High-Strength Steel S690QL

Appearance of linearized step function stress ampli-
tude- plastic strain amplitude for high-strength steel
S690QL in the log - log diagram is given in Figure 2.

The values for high-strength steel S690QL were de-
termined based on the general form given in Equation
(2) and the obtained linearized step functions stress
amplitude-plastic strain amplitude, Equation (3):

« Cyclic strain-hardening exponent  n’=0,19812.

* Cyclic strength coefficient K’=1795,4 MPa.

Linearized elastic and linearized plastic components
of the basic curve of low-cycle fatigue were obtained by
processing of data from columns 7 and 9, Table 3 and
using the method of least squares of the ORIGIN user
software in the log-log coordinate systems.

Elastic and plastic components of the total strain
amplitude in the log-log coordinate systems linearize -
transform into straight-line equations

Ag Glf
lo € —blogN; +log— 4
9, gNy +log— (4)
Aap .
IogT:cIongHogaf (5)

from whose experimentally determined forms the
coefficients and exponents necessary to define the equa-
tions of the basic curve of low-cycle fatigue are deter-
mined.

The appearance of linearized elastic and linearized
plastic components of the basic curve of low-cycle fa-
tigue in the log-log diagram for the-high strength steel
S690QL is given in Figure 3 and 4.

Linearized elastic and plastic component of the ba-
sic curve of low-cycle fatigue are defined by the straight
line equations. For the high-strength steel S690QL, they
are given in the form of

A

Iog( Ze j = -010038log N —2,51249  (6)
Ag

log (;J =-0,73229logN 051763  (7)
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Figure 3 Linearized Elastic Component of Basic Curve of Low-
Cycle Fatigue
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Figure 4 Linearized Plastic Component of Basic Curve of Low-
Cycle Fatigue

from which, for the elastic modulus of the high-
strength steel S690QL, E = E_ = 206,1 GPa and based on
the general equations (6) and (7), the following values
were established:

« Fatigue strength exponent b =-0,10038;

» Fatigue strength coefficient o’ = 633,3MPa;

« Fatigue ductility exponent ¢ =-0,7323,;

» Fatigue ductility coefficient &’ = 0,30365.

Complete cyclic properties of high-strength steel
S690QL are given in Table 4.

Table 4 Cyclic Properties of Steel S690QL

Property S690QL
Elastic modulus, £/ MPa 206 100
Cyclic strength coefficient, K’ / MPa 17954
Cyclic strain-hardening exponent, n’ 0,19812
Fatigue strength coefficient, o',/ MPa 633,3

Fatigue strength exponent, b -0,10038
Fatigue ductility coefficient, &', 0,30365
Fatigue ductility exponent, ¢ -0,7323

Using the values of cyclic properties from Table 4,
based on general equations
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Figure 5 The Basic Curve of Low-Cycle Fatigue of High-
Strength Steel S690QL

1

Ae _Ac  [Ac v (8)
2 2E 2K
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the following was obtained:
Equation for cyclic stress-strain curves for the high-
strength steel S690QL

1

Ae 1 Ac 1 Ao \oi9s2 10
Aae _ Ao [t .ac (10)
2 206100 2 1795 2

and
Equation for the basic curve of low-cycle fatigue for
the high-strength steel S690QL:

%‘g =0,00307 N ;%97 +0,30365 N *"3%  (11)

In Figure 5, in a log-log coordinate system, the basic
curve of low-cycle fatigue (11) is shown, together with
the elastic (6) and plastic component (7).

CONCLUSION

For structural steel components exposed to low cy-
cle-fatigue, estimated low-cycle fatigue life or life to
crack initiation is a key parameter. These are, as a rule,
localized elastic-plastic strains occurring only in areas
of stress concentration and in the welded joint as well.

Investigated microalloyed high-strength  steel
S690QL is intended primarily for manufacture of highly
reliable welded structural elements (gantry or portal
cranes). Practice has shown that the parts of welded
structural elements made of high-strength microalloyed
steel S690QL operate under conditions of low-cycle fa-
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tigue, where a relatively small number of cycles until
their destruction can be time consuming, but it can also
lead to the occurrence of local plastic strains in the crit-
ical areas of a structure, i.e. crack initiation.

The results of this study can be used for further study
of the damages and fatigue life of steel structures as a
function of the geometry and function of the cyclical
properties of selected material, high-strength microal-
loyed steel S690QL. The ultimate goal of the designers
should be directed towards reduction of the potential
damages in critical areas of the welded steel structures,
i.e. steel structures in general.
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