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ABSTRACT

This thesis is focused in the comparison of the steels S235 and S355 grades
properties from various countries of the Europe Union. This has been done comparing
their chemical composition, mechanical properties, strength properties and selected
fatigue properties such as S-N curves (Wohler curves) and Crack Propagation Rate
curves.

These two grades of steels were compared in order to study the influence of the
material in their fatigue properties. The data used for the bachelor’s thesis was obtained
from articles focused of selected steel grades and from experimental program
performed on Institute of Physics of Materials ASCR in cooperation with Faculty of Civil
Engineering, Brno University of Technology.
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RESUMEN

Esta tesis esta enfocada en la comparacion de las propiedades de los aceros S235y
S355 en varios paises de Europa. De esta manera, se ha realizado una comparacion
entre su composicion quimica, propiedades mecanicas y sus propiedades a fatiga como
son las curvas S-N(curvas de Woéhler) y las velocidades de propagacién de grietas.

Estos dos tipos de aceros han sido comparados con el objetivo de estudiar la
influencia del material en las propiedades a fatiga de éstos.

La informacién usada en este proyecto fue obtenida en base a publicaciones de
diferentes articulos sobre estos tipos de aceros y de un programa experimental
realizado en el Institute of Physics of Materials ASCR en cooperacion con la Facultad de
Ingenieria Civil de Brno University of Technology.
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1. INTRODUCTION

The importance of the material has been crucial in the civil engineering industry of
the past centuries, and nowadays keeps being one of the main factors that makes the
difference in this sector.

Buildings and structures including bridges, dams, roads and canals have been built
since pre-history.

At the beginning of the human history, buildings were made in a precarious way
using leaves or branches. Over time, materials like timber, clay or stone were started to
use. After this came the age of concretes and bricks. Finally, with the industrial
revolution, material such as metal and steel were introduced into this.

Today, we see buildings made of bricks, concrete, wood, steel and glass. These
materials are no more a revolution.

Here is an example of how the Civil Engineering has changed over time.
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Figure 2. Roman bridge built with stone Figure 3. Horreo raised from the ground by

with an arch as its basic structure. (see pillars ending in flat staddle stones to
e.g. Cangas de Onis, Asturias, Spain) prevent access by rodents. (Asturias, Spain),
retaken from [1] retaken from [2]

Figure 1. Congress Palace of Oviedo made of
reinforcement concrete (Oviedo, Asturias, Spain),
retaken from [3]



The demand for steel as a building material is growing within the construction
industry. Steel's high strength, ductility, adaptation to prefabrication, speed of erection,
etc., have always been attractive characteristics to consultants and developers. In
today’s "fast tracked" construction projects, where time and schedule are of essence,
these qualities become decisive in choosing the type of structure to be built.

One of the main steel properties are the yield strength (o,), the ultimate strength
(0,), the modulus of Elasticity (£), the elongation (A%) and the chemical composition.

Even though steel has very good properties, it has its defects. Here is where fatigue
appears.

In general, fatigue is perhaps the most important failure mode to be considered in
mechanical and structural design. For some products, fatigue accounts for more than
80% of all observed service failures.

Moreover, fatigue and fracture failures are sometimes catastrophic, occurring
without warning and causing significant property damage and loss of life. Design for
fatigue avoidance is difficult, because the fatigue stresses are complicated random
processes, the fatigue process is influenced by many factors, and many of the factors
are subject to considerable uncertainty.[4]

The study of the fatigue properties of materials was begun by Wilhelm Albert, which,
in 1837, thorough the use of experimental work, publishes the first article about fatigue
in history, demonstrating that fatigue was not associated with an accidental overload,
but was dependent on load and number of cycles. [5]

After him, several investigators developed different methods in predicting the
fatigue life of materials, such as August Wohler, which in the middle of the 19th century,
marks the first systematic investigation of S-N Curves, also known as Woéhler curves to
characterise the fatigue behaviour of materials. [6]

On the other hand, in 1910, O. H. Basquin proposes a log-log relationship for S-N
curves, using Woéhler's test data, [7] and, in the middle of the 20th century, Waloddi
Weibull proposes an S-N model curve, and his most famous research, the Weibull
distribution. [8] Finally, several famous researchers, such as A. M. Miner, L. F. Coffin and
S. S. Manson, with the fatigue crack-growth explanation, P. C. Paris with the method for
predicting the rate of growth of individual fatigue cracks or A. F. Canteli have found
various methods of fatigue life prediction.



2. THEORETICAL BACKGROUND

Theoretical information of steels will be based first on its mechanical characteristics
and European characterization, in order to understand how to distinguish them and why
are defined. After this, the tensile test will be explained, since basic information of steel
are obtained from this experiment.

Finally, fatigue properties and fracture mechanics model will be explained with the
aim of understanding the influence of fatigue in steels through S-V curves and crack
propagation rate curve.

2.1. Steel grades

Structural steel is a standard construction material, made from specific grades of
steel and formed in a range of industry standard cross-sectional shapes (or ‘Sections’).
Structural steel grades are designed with specific chemical compositions and
mechanical properties formulated for particular applications.

Depending on the manufacturing process, chemical composition and relevant
application, further letters and classifications might be wused to reference
grades/products of structural steel.

There are many standards that provides information about the properties of the
steels, such as the Japanese Industrial Standards (JIS), German (DIN) standard, China
(GB) standard or the International Organization for Standardization (ISO). In our case we
will realize the comparison with the European Standard (EN 10025).

European Standard steel grades fall into two categories:
1. Steel specified by purpose of use and mechanical properties.
2. Steel specified by chemical composition. [9]

Basic grade designations for category 1 steels (-see Table 1-) consist of a single letter
(designating application) then a number signifying the mechanical property dictated in
the standard for that application designation.[9]

Application Meaning Mechanical property
symbol

S Structural steel Minimum yield strength
P Steel for pressure lines and vessels Minimum yield strength
L Steel for pipe and tube Minimum yield strength
E Engineering steels Minimum yield strength
B Steel for reinforced concrete Characteristic yield case
R Steel for rail use Minimum yield case
H High Tensile Strength Flat products Minimum yield case
D Flat Products for Cold Forming
T Tin mill Products Nominal yield case
M Electrical Steel

Table 1. Basic grade designations for category 1 steels, data obtained from [10]



In addition to the above category codes there are symbols that can be added to the
grade code to identify any additional compositional requirements, delivery conditions,
mechanical properties and so on.

These values depend solely on the type/application code given in the first part of the
code and are so numerous as to be impossible to indicate here.

Impact Resistance Temperature
Impact Testing Temperature .
code strength code Testing temperature
J 27) R Room temperature
K 40 0 0°C
L 60 | 2 -20°C
3 -30°C
4 -40 °C
5 -50 °C
6 -60 °C

Table 2. Impact resistance and temperature codes for category 1 steels, data obtained from
[9]

Code Condition

A Annealed

QT | Quenched and tempered

N Normalised
SR Stress relieved
@ Cold worked
u Untreated

Table 3. Delivery condition codes for category 1 steels, data obtained from [9]

2.2. Mechanical properties

Over the years, the importance of the steel has been increasing due to many factors.
Steel's great resistance to heat transfer, good fatigue properties, durability,
tenaciousness and also appearance makes it one of the bests options in civil
engineering industry.

2.2.1 Tensile test

The tensile test is the most important and known mechanical test, since is the only
one that allows to obtain the material’s behaviour curve and its fundamental mechanical
properties.

A specimen is placed between two grips which clamps the material, moved vertically
by a load cell with a constant speed. One of the ends of the specimen is fixed and the
other one is gripped. The loads are applied through the threaded or shouldered ends.
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The important parameters of the specimens are the gage length (L,) and the initial
cross-section area (S,). The gage length is the region over which measurements are
made and is centered within the reduced section. The distances between the ends of
the gage section and the shoulders should be great enough so that the larger ends do
not constrain deformation within the gage section, and the gage length should be great
relative to its diameter. [11]

OWVERALL LEMGTH

DISTANCE EETWEEN SHOULDERS
h GAGE -
LENGTH
GRIP SECTION
e A
[
L] L] 1|'
i I
WIDTH OF Dl&. OR WIDTH
GRIF SECTION

"REDUCED" SECTION
Figure 4.Specimen used in Tensile test, retaken from [12]

After a certain amount of the plastic deformation of the material, due to the
reorientation of the crystal structure, an increase in load is observed with increase of
strain. This range is called the strain hardening range. After a little increase in load, the
specimen eventually fractures.
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Figure 5.Tensile test machine, retaken from [13]

The results of the tensile tests are used in selecting materials for engineering
applications, such as the stress-strain diagrams, yield strength (c,,), ultimate strength
(0y), poison’s ratio (v), modulus of Elasticity (£) or the elongation (A%).

Furthermore, it also has a great importance, due to the capacity of predicting how a
material will perform its use or to determine if it verifies the requirements or
specifications given from the standards. [14]

2.2.2 Stress-strain curves

With the increasing use of advanced computational and analytical methods in
structural engineering, there is a crucial need for accurate representations of the key
input parameters.

Representation of the full stress-strain curve is particularly important in analytical,
numerical or design models for scenarios in which large plastic strains are encountered.
This stress-strain curve is obtained by the tensile test. [15]
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2.2.2.1 “Engineering” stress-strain curves
The engineering tensile test is widely used to provide basic design information on
the strength of materials and as an acceptance test for the specifications of materials.

The engineering measures of stress and strain, denoted in this module as o, and g,
respectively, are determined from measuring the load and deflection using the original
(1)

specimen cross-section area S, and length L, as:
o = F
(2)

AL

€, =
e LO

When the stress o, is plotted against the strain €., an engineering stress-strain curve

such as shown in Graph 1 is obtained.

Stress
Y Y

Gy

Strain €

o
- }(— bag

Graph 1. Engineering stress-strain curves for mild steel, retaken from [17]

Zu

In the early (low strain) portion of the curve, many materials obey Hooke's law to a
reasonable approximation, so that stress is proportional to strain with the constant of
(3)

(4)

proportionality being the modulus of Elasticity or Young's modulus (£):
o, = E ¢,

E=tg(a).

As strain is increased, many materials eventually deviate from this linear
proportionality, the point of departure being termed the proportional limit. This
nonlinearity is usually associated with stress-induced “plastic” flow in the specimen.
Here the material is undergoing a rearrangement of its internal molecular or
microscopic structure, in which atoms are moved to new equilibrium positions.

At this point, if the load is removed while the material is at the plastic term, there will

be a permanent plastic deformation.
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2.2.2.2 True stress-strain curves

True stress-strain curves are used for accurate definition of plastic behaviour of
ductile materials by considering the actual (instantaneous) dimensions.

During yield and the plastic-flow regime following yield, the material flows with

negligible change in volume; increases in length are offset by decreases in cross-
sectional area.

!

o' = =£(1+€) (5)
So

~ Wlm

g’ ===
L

These equations can be used to derive the true stress-strain curve from the
engineering curve, up to the strain at which necking begins. [16]

=In(l+¢) (6)

I’O] ‘ t‘rl

True stress—strain, o—¢

Engineering
stress—strain, S—e

Stress, MPa(ksi)

Strain

Graph 2. Comparison of true and engineering stress-strain curves for mild steels,
retaken from [18]

Thereis an approximate linear relationship between true stress and true strain when
plotted on log-log scale, the Hollomon’s equation:

o' =Ke'™ (7)

where @’ is the true stress, €' is the true strain, n is the strain-hardening exponent and K
is the strength coefficient. In the Hollomon's expression, the strain-hardening exponent
measures the ability of a metal to strain-harden, larger magnitudes indicate larger
degrees of strain hardening. The strain-hardening exponent and the strength coefficient
are both determined from the logarithm of the true strain in the region of uniform
elongation.

13



Total elongation in a material during deformation has been known to originate from
elastic and plastic contributions. Therefore, the elastic and plastic strain can be
evaluated from the expressions given below:

g = gq t+ £y (8)
ol
€el = T )
1
o, —
Epl = a(a—y)n (10)
o' or L
g =—+a(—)n (11)
E Oy

where a is also a characteristic property of the material.

This type of true stress-strain relationship is often referred to as the Ramber-Osgood
relationship. [19]

2.3. Fatigue

Fatigue is the progressive, localized, and permanent structural change that occurs in
a material subjected to repeated or fluctuating strains at nominal stresses that have
maximum values less than (and often much less than) the tensile strength of the
material. Fatigue may culminate into cracks and cause fracture after enough
fluctuations.

Fatigue damage is caused by the simultaneous action of cyclic stress, tensile stress,
and plastic strain. If any of these three is not present, a fatigue crack will not initiate and
propagate. The plastic strain resulting from cyclic stress promotes crack growth
(propagation). Careful measurement of strain shows that microscopic plastic strains can
be present at low levels of stress where the strain might otherwise appear to be totally
elastic.

Although compressive stresses will not cause fatigue, compressive loads may result
in local tensile stresses. [20]

Thorough the study of fatigue, several parameters have been used to define the
different types of fatigue cycles. Most commonly used are o,,, and o, but
nevertheless, other parameters are highly used as well:

Mean stress (0,,): The mean stress is the algebraic average of the maximum stress
and the minimum in one cycle.

_ (Omaxtomin)

o
m 2

(12)

Stress range (A0): Is the algebraic difference between the maximum stress and the
minimum stress in one cycle.

A0 = Omax — Omin (13)

Stress amplitude (o,): Is one-half the range of the stress.

Omax—%min
Og =— 5 (14)

Stress ratio (R): Is the algebraic ratio of two specified stress values in a stress cycle.

14



R = Omin

Omax

Note: ASTM standard notation
uses S in place of &, for stress

VARV

Graph 3. Fully reversed stress cycle, in which ,,=0, retaken from [21]

R between
—~1land0

T g = = o m———
|
£
& m T Y ___ R between
\/ 0 and +1
T mint-———————
cy v t

Graph 5. Fluctuating stress cycle, in which 6, and o4, are >0, retaken from [21]

2.3.1 Fatigue regimes

Several regimes are classified depending on the number of cycles an element is
subjected to in fatigue procedures:

o Very Low-Cycle Fatigue (VLCF): N; < 102 cycles
o Low-Cycle Fatigue (LCF): 10% < Ny < 103 cycles
o High-Cycle Fatigue (HCF): 103 < N; <107 cycles
» Very High-Cycle Fatigue (VHCF): Ny > 107 cycles

15



Usually, mechanical engineering structures are designed for high- (HCF) and low-
cycle fatigue (LCF) regimes. However, civil engineering structures such as bridges, are
designed for high-cycle fatigue (HCF) regimes.

2.3.2 Traditionally used models for evaluation of fatigue properties

Characterization of the fatigue behaviour of structures by S-N techniques is
performed by testing, preferably under constant amplitude cycles, of several test
coupons at different maximum fatigue loads. [22] Alternatively, the fracture mechanics-
based approach, allows the crack propagation from an initial crack size a,, to a final crack
size as to be predicted using fatigue crack growth curves. [23]

2.3.2.1 S-N curves

The relationship between stress range (4o) or stress amplitude (o,) and cycles to
failure (N¢) in a logarithmic scale has been used for a long time to characterize the fatigue
behaviour of metals and fatigue design. The influence of a wide range of variables on
fatigue behaviour has been studied, including mean stress and frequency.

S-Ncurves often exhibit significant scatter. This scatter has required that a statistical
approach to fatigue reliability be taken and this has important implications for our
understanding of the structural integrity of metal components. [24]

Not every steel behaves in the same way. Many factors influence in fatigue failures
when it occurs. Fatigue limit or (endurance limit) is the value of the stress below which
a material can presumably endure an infinite number of stress cycles, that is, the stress
at which the S-Ndiagram becomes and appears to remain horizontal. [20]

“
; Sen
N, number of eveles to failure v
Graph 6. S-N curve with endurance Graph 7. S-N curve, retaken from
limit, retaken from [25]. [25].

S-N curves were originally proposed by Basquin and adopted in the design codes,
given by following expression:

o=A-NB (16)

where the parameters Aand Bdenote the independent term and slope, respectively, of
the resulting straight line in double logarithmic scale. The scatter of the test result at the
same level of loading is a characteristic inherent to the fatigue phenomenon due to
several factors, such as material defects during the process of extrusion and machining
process of specimens. [23]

16



2.3.2.2 Fracture mechanics-base model

Until recent years, little effort had been devoted to the experimental determination
of the laws governing the rate of growth of a fatigue crack; in fact, no accurate
guantitative experimental data had been published before 1953. [26]

2.3.2.2.1 Compact tension specimen

Regarding the American Society of Testing and Materials (ASTM), the compact
tension specimen (C7), is a notched sample used to create a fatigue crack by cycled
loads.

In CT specimen, due to tensile loads, the crack will open symmetrically in mode |,
which will be explained after. Figure 6 shows the C7specimen.

Figure 6. CTspecimen, retaken from [27]

2.3.2.2.2 Modes of crack growth

Prior to start with crack propagation rate curve, it is necessary to explain that there
are three basic modes of crack surface displacements which can cause crack growth;
these are shown in Figure 7:

l. The opening mode: The crack surface move directly apart.

Il. The edge sliding mode: The crack surface moves normal to the crack front
and remain in the crack plane.

. The shear mode: The crack surface moves parallel to the crack front and
remain in the crack plane.

The superimposition of these three models are enough to describe the most general
cases of crack surface displacement. [26] In this bachelor thesis, only mode | is
considered.

17



I Opening mode
IT Edge sliding mode
I 111 Shear mode

el

Figure 7. Modes of crack growth, retaken from [26]

2.3.2.2.3 Crack propagation rate curve

Paris and Erdogan (1963) suggested that the most relevant parameter to describe
the fatigue crack growth was the range of the stress intensity factor 4K, which is
schematically described in graph 8 as a log-log scale. Three distinct regions are
indicated: 1) the well-known threshold region, 2) intermediate region, and 3) the failure
region. [28]

Where
AK= (Kmax — Kmin) = 4do-Y~n-a (17)

In which Y represents the function depending on the geometrics and loading
conditions, and a is the crack length.

A
da
IOg(dN) ! :
(mm/cycle) ; '
10-3 L | i
| I m
: da _ m

10°° E oN C(AK)
|
| :

107 - ; -

AR, log(AK)

Graph 8. Crack growth rate curve, retaken from [29]
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Region | correspond with low values of AKapplied, in which fatigue crack growth rate,
da/dN, is equally small. In this region, the most important parameter is the threshold of
the stress intensity factor range below which no fatigue crack growth should occur AK;y,.

Inregion I, the crack growth rate da/dNcan be approximately linear related to the stress
intensity factor range AK'in the log-log scale plot. The Paris law for crack growth is

d
£ =(C.AKkm™ (18)
dN

Where Cand m are material constants. [29]

Finally, in region lll when AK'is large, the crack growth accelerates and in short time
the complete break of the material will take place.

The importance of the Paris law is undeniable, since it can predict crack growth in
every material.

Generally, to simplify calculations, regions | and Ill are usually despised. So, it is
possible to estimate the fatigue life of the material utilizing only Paris law in region Il.

Integrating the equation (18) gives:

Nf
le. dN=Nf—Nl =

ac da
ag C-AK™

(19)

where a, represents the initial crack length, a. the final crack length, N; the number
of cycles at the initial crack length and Ny the number of cycles at the final crack length.

19



3. AIMS

The aim of this thesis is to collect information about properties of steels S235 and
S355 in various countries of the Europe Union and compare them in order to
understand their fatigue properties.

To this end, static properties, such as chemical composition, mechanical properties
and strength properties are measured from steels S235 and S355 with smooth
specimens to compare among them and with the standards given by the European
standard EN10025-2:2004.

Moreover, S-N curves and crack propagation rate from S235 and S355 of selected
countries have been evaluated through Wdéhler's curves and crack propagation rate
curves in order to compare the influence of the material in their fatigue properties.

4. Selected Materials used in civil engineering area

The construction/structural steels that are widely explained (see chapteri-
INTRODUCTION-) lay among low strength and mild strength steels. This bachelor thesis
aims to compare the fatigue properties of selected steel grades. At the same time,
mechanical properties and chemical composition are key part in the way that the steel
behaves (see chapter 3 -AIMS-).

In the following part of Bachelor thesis, the focus was done in steels S235 and S355
grades.

4.1. Steel S235 grade

The S235 steel sheet is a structural steel that complies with the European standard
of EN 10025-2:2004. S235 structural steel sheet is made of common carbon steel that
can be used in a very wide range of manufacturing processes, such as mechanical
engineering industry and buildings.

This sheet has an excellent formability, but its use is limited in applications that
require structural specifications of greater weight bearing.

S235 is named based on its minimum yield strength of 235 MPa, however, the yield
strength reduces when the thickness is increased above 16 mm for flat products and
hollow sections.

Steel S235 has several names depending on which country is used.
Table 4 shows an example of steel S235J2G3 designation in various countries:

Steel S235)2G3 [30]

EN
10025-2 2zl Poland Italy Germany Portugal U. K. China
1.0116 AE 235 D St3w Fe 360 D St 37-3N Fe 360 D 40D Q 235D

Table 4. Steel S235)2G3 equivalent designations, data obtained from [30].

4.1.1 Static properties

Mechanical properties of structural steel are fundamental to its classification and
hence application.
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The yield strength (o)) of structural steel is the stress the material can withstand
without permanent deformation. This is not a sharply defined point. Yield strength is the
stress which cause a permanent deformation of 0.2% of the original dimension.

Moreover, ultimate strength (o,,) of Structural steel relates to the point of maximum
stress that the material can withstand.

From this material, we will compare the steel S235)2G3 from Poland, Italy and
Germany with the European standard EN 10025-2:2004. Monotonic properties of this
structural steels are compared in Table 6:

;2‘01)30[2351'] Poland [32] |  Italy [33] Ge[rgl?”y
Min o, [MPa] 235 307 282 277
0y [MPa] 360/510 461 412 415
E[GPa] 207
A %] 33.8 37 43

Table 5. Monotonic properties comparison of steel S235J2G3 in various countries.

4.1.2 Chemical composition

Chemical composition of structural steel is extremely important and highly
regulated. Itis a fundamental factor which defines the mechanical properties of the steel
material.

Table 6 shows the maximum values of chemical composition of steel S235J2G3 given
by EN 10025-2:2004.

C Mn Si P S N Cu CEV

[max %] [max %] [max %] [max %] | [max %] [max %] [max %] [max %]
EN 10025- 0.17 1.5 0.025 0.025 0.55 0.40
2:2004 [31] ’ ’ : . . .

Table 6. Chemical composition of steel S235)2G3, data obtained from [31].

In order to compare their chemical composition, it is very important that the values
of the chemical elements do not exceed the maximum value given by the standards.

In Table 7, chemical composition of steel S235J2G3 from Poland, Italy and Germany
are compared among them and with the European Standard EN 10025-2:2004.

Carbon, manganese, silicon, phosphorus, sulphur and aluminium composition
appear to be in all S235 steels, and even with different values seems to be important
parameters to grant good mechanical properties.

These values give us information that the same steel, in every country has its own
characteristics due to the soil composition, which grants different properties to its use
in the civil engineering industry.
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2E: '; 010(210[2351'] Poland [32] I[t;)]' Germany [34]
C [max %] 0.17 0.16 0.164 0.084
Mn [max %] 1.5 0.81 0.397 0.658
Si [max %] - 0.22 0.018 0.169
P [max %] 0.025 0.01 0.012 0.02
S [max %] 0.025 0.02 0.008 0.009
N [max %] - - 0.0033
Cu [max %] 0.55
Al [max %] - 0.04 0.035 0.039
Cr [max %] - 0.13 - 0.03
Ni [max %] - 0.09 - 0.035
Mo [max %]
Cev [max %] 04

Table 7. Chemical composition comparison of steel S235J2G3 in various countries.

4.1.3 Fatigue properties

Knowledge of fatigue resistance of the material plays a key role during design and
maintenance of the civil engineering structures.

Steel S235 fatigue properties of various specimens are included in the following
chapter. Itisimportant to remark that steel S235 is less commonly used than other
structural steels.

4.1.3.1 S-N curves

The S-Ncurves approach is an established fatigue prediction technique used in many
fields of applications. Common S-N curves are performed with Ao-N or a,-N
experimental data.

In steel S235 case, S-N curves found in articles of the literature were plotted in g, -M,
being g, the stress range and Nthe number of cycles in a logarithmic scale.

It should be noted that there was not many valid information for steel S235, due
to its less use in the civil engineering industry compared to the steel S355, even
being a mild steel as well. There were only two S235 steels that met the requirements.

First steel used is a S235JR from Poland. Figure 8 shows the geometry of the smooth
specimen used in tests. Specimen has a cross-section area S, of 176.71 mm?.
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Figure 8. Geometry of smooth cylindrical specimen made of S235JR from Poland, retaken
from [35]

The fatigue test of the smooth specimen was performed using cyclic loading with
zero mean stress (R=-1). Also, specimens were tested with a force up to 400 kN and a
frequency of 5Hz.

S-N curve from experimental data was plotted in order to understand its fatigue
behaviour and compare it to other specimens, in which measurements of fatigue life in
steel component were made based on the principles of Basquin's law.

400

Broken specimens

350
= = Basquin fitting law

300 ~
250 ~

200

y = 502,95x0.065
150 R?=0,7933

Stress amplitude ca (MPa)

100

1,0E+03 1,0E+05

Number of cycles N

1,0E+04 1,0E+06

Graph 9. 5-Ncurve of steel S235JR from Poland, data adopted from [35]

Table 8 shows the results of fatigue experiment at high number of cycles.

Poland [35]
Nlcycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
o, [MPa] 276.391 237.97 ] ]
o,/0
e 0.653 0.562 ; ;
6,-423 [MPa]

Table 8. Stress evaluation at High-Cycle Fatigue regime of S235JR from Poland.

Relationship between stress amplitude o, and ultimate strength ¢, shows an
apparently normal behaviour of the specimen until failure, since the relationship is <1.

23



S-N curve provides us information between the stress amplitude and the cycles to
failure, in which broken specimens at high number of cycles show an apparently normal
value of stress amplitude. Also, the specimens show a descendant slope with little
inclination at high number of cycles as well.

Second and last S235 steel used in this bachelor thesis is a S235 from Portugal.
Figure 9 shows the smooth specimen’s geometry used in tests and Table 9 specifies the
dimensions adopted for the steel S235. The specimen has a cross-section area S, of 30

mm?.

Figure 9. Geometry of smooth plane specimen made of S235 from Portugal, retaken

from [36]
W T L L1 H R
Specimen
[mm] [mm] [mm] [mm] [mm] [mm]
S235 20 5 15 135 6 12

Table 9. Nominal dimension of smooth specimen made of S235 from Portugal. [36]

The fatigue tests of the specimen were performed using cyclic loading with stress
ratio A=0. Specimens were tested with a force up to 100 kN and a frequency that
adjusted to results.

S-N curve from experimental data was plotted in order to analyse its fatigue
behaviour and to compare it with other specimens. Basquin’s law principles were used
to measure the experimental data.

400

Broken specimens

350 P
= = Basquin fitting law

300
250

200

y = 473,79x9.055

150 R?=0,9133

Stress amplitude oa (MPa)

100
1,0E+03 1,0E+05

Number of cycles N

1,0E+04 1,0E+06

Graph 10. S-N curve of steel S235 from Portugal, data obtained from [36]
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Table 10 shows the results of the experimental data at high number of cycles.

Portugal [36]

Nlcycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
o, [MPa] 324.030 285.486
o,/0
au 0.578 0.509
6,=435 [MPa]

Table 10. Stress evaluation at High-Cycle Fatigue regime of S235 from Portugal.

Since there is no information available of the ultimate strength o, in the literature,
mean value of g, given by the standards was used (o,= 435 MPa) in order to at least
approximate the evaluation between the stress amplitude o, and the ultimate
strength g,,. Reasonable values of this relationship were obtained as well. At the same
time, S-N curve provides us information in which appears to be a progressive
descendant line, with common stress amplitude’s values for broken specimens at high
number of cycles for S235 steel.

4.1.3.2 S-N curve comparison for selected specimens.
S-N comparison between S235JR from Poland and S235 from Portugal has not been
possible due to several factors.

To begin with, an essential factor to compare various specimens is the stress ratio R.
It is important that the specimens must be loaded with the same type of cycle; if not,
fatigue crack may propagate in another way, as tension and compression stresses are
completely different.

Finally, geometry of the specimens is not the same; first one is cylindrical and the
second one is plane. This supposes an alteration of the stresses suffered of each
specimen due to the stress concentrators that plane specimens have in comparison with
rounded ones.

4.2. Steel marked S355

S355 steel sheet is a structural steel of high strength and mild alloy that complies
with the European standard of EN 10025-2:2004.

S355 is used in almost every facet of structural fabrication. Typical applications
include:

e Structural steel works, such as bridge components or components for offshore
structures.

e Power plants.

e Mining and earth-moving equipment.
e Load-handling equipment.

e Wind tower components.

S355 is named based on its minimum yield strength of 355 MPa, however, the yield
strength reduces when the thickness is increased above 16 mm for flat products and
hollow sections.
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Steel S355 grade has several names depending on which country are
used/produced.

Here is an example of steel S355J2G3 designation in various countries from world:

Steel S355)2G3 [30]

EN , '
10025-2 Spain Poland Italy Germany Portugal U. K. China
1.0570 AE 355D TO0HNAP Fe 510D St 52-3N Fe 510D 50D

Table 11. Steel S355)J2G3 equivalent designations, data obtained from [30].

4.2.1 Static properties

As it was explained before, mechanical properties of steels are fundamental to its
classification and hence applications.

The most important parameters to take in count are the yield strength (o,) and the
ultimate strength (o), which have been compared from countries such as Spain, Poland,
Germany and Portugal with the European standard EN 10025-2:2004.

EN10025-2:2004 | o in371 | Poland (381 | italy 301 | Germanypza; | Portued

[31] [40]
Min oy [MPa] 355 386 418 455 362 419
ou [MPa] 470/630 689 566 620 566 732

E[GPa] - 206 215 - 206

Table 12. Monotonic properties comparison of steel S355J2G3 in various countries.

4.2.2 Chemical composition

Chemical composition of structural steels is extremely important and highly
regulated. It is a fundamental factor that defines the mechanical properties of the steel
material.

In Table 13 is shown the maximum values of chemical composition of steel S355J2G3
given by EN 10025-2:2004.

C Mn Si P S N Cu CEV
[max %] | [Mmax%] | (max%] | [max%] | [max%] | [max%] | [max%] | [max %]

(S355)2G3)
EN 10025- 0.2 1.6 0.55 0.03 0.03 0.012 0.55 0.47
2:2004 [31]

Table 13. Chemical composition of steel S355J2G3, data obtained from [31].

In order to compare their chemical composition, it is very important that the values
of the chemical elements do not exceed the maximum values given by the standards.

Table 14 shows a chemical composition comparison of steel S355)2G3 among Spain,
Poland, Italy, Germany and Portugal with the European Standard EN 10025-2:2004.

In this table components as carbon, manganese, silicon, phosphorus and sulphur
appears to be in every S355)2G3 steel. This leads us to think that this compounds seems
to be crucial in looking for good quality chemical composition, even more chemical
compounds are found in some of this steels.
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2E: 2010(310[2351-] Spain [37] Poland [38] Italy [39] Germany [34] Po[r4t;]gal
C [max %] 0.2 0.17 0.14 0.193 0.222 0.1
Mn [max %] 1.6 1.235 0.88 1.520 1.580 0.64
Si [max %] 0.55 0.225 0.31 0.36 0.251 0.15
P [max %] 0.03 0.01 0.066 0.015 0.022 0.022
S [max %] 0.03 0.0006 0.027 0.0004 0.028 0.041
N [max %] 0.012
Cu [max %] 0.55 0.345 0.38
Al [max %] 0.032 0.026 0.039
Cr [max %] 0.072 0.076
Ni [max %] 0.058 0.04 0.095
Mo [max %] 0.016 0.014
Cev [max %] 0.47

Table 14. Chemical composition comparison of steel S355J2G3 in various countries.

As it was mentioned before, chemical composition varies due to the properties of
the soil composition in each country. An appropriate chemical composition can provide
excellent mechanical properties.

4.2.3 Fatigue properties

Knowledge of fatigue resistance of the material plays a key role during design and
maintenance in civil engineering industry.

Steel S355 fatigue properties from specimens of various countries are included in
the following chapters. As a commonly steel used in structures, owing to its great
characteristics, several specimens from all over Europe are tested and used for
experimental data.

4.2.3.1 S-N curves

The S-Ncurves approach is an established fatigue prediction technique used in many
fields of applications. Common S-N curves are performed with Ao-N or a,-N
experimental data.

In S355 case, S-N curves found from the literature were plotted in Ao-A, being Ao
the stress amplitude and N the number of cycles in a logarithmic scale.

It should be noted that lots of articles of steel S355 from the literature were
used for welded joints, which caused less specimens that met the requirements
than expected.

Four specimens were finally used in order to compare their fatigue characteristics.

To begin with, first specimen used is a steel S355J0 from Czech Republic. Figure 10
shows the geometry of the specimen used for S-N curves. The specimen has a cross-
section area S, of 19.634 mm?.
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Figure 10. Geometry of smooth cylindrical specimen made of steel S355J0 from Czech
Republic, retaken from [23]

The specimen was tested in a cyclic loading with a stress ratio £=0.1.

S-N curve of S355J0 steel was plotted in order to observe its fatigue behaviour and
compare it with other specimens. As it was mentioned before, principles of Basquin’s
law were used to measure the specimen.

650

630 ® Broken specimens

610 ® = = Basquin fitting law

590

570 ®

550 000 .o ¢

—
—
—
——— e
o] —

530
510

y = 601,07x%007
R?2=0,2674

Stress range Ac (MPa)

490
470

450

1,0E+03 1,0E+04 1,0E+05

Number of cycles N

1,0E+06

Graph 11. 5-N curve of steel S355J0 from Czech Republic, data obtained from [23]

In Table 10, the results from the experimental data at high number of cycles are
added.

Czech Republic [23]
Ncycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao [MPa] 563.540 554.530 545.663 536.939
do/o,
1.02 1 0.99 0.97
,=550 MPa

Table 15. Stress evaluation at a High-Cycle Fatigue regime of S355)J0 from Czech Republic.

No information about ultimate strength o, is available in the literature, but mean
value of ultimate strength (g,,= 550 MPa) was used in order to estimate the relationship
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between Ac and o,. Nevertheless, S-N curve provides us information in which the
specimens break practically at the same stress range value at a HCF regime, in which
seems to have good fatigue strength properties.

The second specimen used is a steel S355 from Portugal. Figure 11 shows the
smooth geometry of the specimen used for experimental data and Table 16 specifies
the dimensions adopted for steel S355. The specimen has a cross-section area S, of 30

mm?.

Figure 11. Geometry of smooth plane specimen made of steel S355 from Portugal,
retaken from [36]

W T L L1 H R
Specimen
[mm] [mm] [mm] [mm] [mm] [mm]
S355 20 5 15 100 6 12

Table 16. Nominal dimension of smooth specimen made of steel S355 from Portugal; data
obtained from [36]

The fatigue tests of the specimen were performed using cyclic loading with stress
ratio R=0. Specimens were tested with a force up to 100 kN and a frequency that
adjusted to results.

S-N curve from experimental data was plotted in order to analyse its fatigue
behaviour and to compare it with other specimens. As in previous experiments,
Basquin's law principles were used to measure the experimental data.
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Graph 12. S-N curve of steel S355 from Portugal, data obtained from [36]

Table 17 shows the results of the S-N curve at high number of cycles.

Portugal [36]
N[cycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao [MPa] 582.843 492.665 - -
Vilo g i
1.05 0.89 - -
d,=550 MPa

Table 17. Stress evaluation at a High-Cycle Fatigue regime of S355 from Portugal.

No information about ultimate strength ¢,, was obtained from the literature, but as
it was explained before, mean value of ultimate strength (¢,,=550 MPa) was used in order
to estimate the relationship between 40 and o,. Nevertheless, the S-N curve shows a
typically descendant slope in which the stress range’s resulting data at high number of
cycles for broken specimens apparently shows good strength fatigue properties.

Third specimen used but not less important is a steel S355)2 from Germany. Figure
12 shows the geometry of the smooth specimen used for experimental data. The
specimen has a cross-section area S, of 960 mm?2.

. 150 |60 I 150 A 80 | 190 h
[mm] [~ | ¢ s | »
‘ F = 100'mm
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N Ll '.'x'-\k;,f:,-',-' IR
7/, |
R
I ', \\;'_-— — j; . ____‘H\
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_

\— water jat or mill cutting

t=15, 25 or 40 mm

Figure 12. Geometry of smooth plane specimen made of steel S355 from Germany,

retaken from [41]
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For this experiment, thickness of 15 mm was used in order to try to adjust it with
previous specimens. Also, the specimens were hard stamped in a defined area which do
not affect their fatigue life.

Fatigue test of the specimen were performed using cyclic loading with a stress ratio
R=0.1. Machines static capacities are of 1 MN and 1.6 MN. However, specimens with 15
mm of thickness were tested at 1 MN. Depending on the fatigue load, the test frequency
varied from 5to 9 Hz.

S-N curve of S355)2 steel was plotted in order to observe its fatigue behaviour and
compare it with other specimens. As it was mentioned before, principles of Basquin’s
law were used to measure the specimen.
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400

350

300

250
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Stress range Ac (MPa)

150

100
1,0E+03

Broken specimens

= = Basquin fitting law

y = 4960,8x 024
R?=0,9809

1,0E+04

1,0E+05

Number of cycles N

1,0E+06

Graph 13. 5-Ncurve of steel S355J2 from Germany, data obtained from [41]

Table 18 shows the results of the experimental data at high number of cycles.

Germany [41]
N [cycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ac [MPa] - 376.315 224.673 134.137
Ao /oy,
- 0.68 0.41 0.24
6,=550 MPa

Table 18. Stress evaluation at a High-Cycle Fatigue regime of S355)2 from Germany.

Unfortunately, no information about ultimate strength o, was included in the
literature, but mean value of ultimate strength (o,= 550 MPa) was used in order to
estimate the relationship between 40 and ¢,,. However, S-N curves provided us some
valid information. Fatigue strength of the specimens at LCF regimes seems to be high,

31



as none of the specimens broke before 1.0E+05 cycles. However, stress range at HCF
regime starts to decrease very fast up to 1.0E+05 cycles, which seems to not have very
good fatigue strength properties at HCF. One possible cause of this may be its cross-
section area, as the specimen is much bigger than previous ones or due to its chemical
composition.

Finally, fourth specimen is a steel S355 from Portugal. Figure 13 shows the geometry

for the smooth specimen used for S-N data and Table 19 specifies the dimensions
adopted for steel S355. The specimen has a cross-section area S, of 93.75 mm?.

Figure 13. Geometry of smooth plane specimen made of steel S355 from Portugal,
retaken from [40].

W T L L1 H R
Specimen
[mm] [mm] [mm] [mm] [mm] [mm]
S355 30 7.5 26 200 12.5 8

Table 19. Nominal dimension of smooth specimen made of S355 from Portugal, data
obtained from [40]

The fatigue tests of the specimen were performed using cyclic loading with stress
ratio R=-1. Specimens were tested with a force up to 100 kN and a frequency that
adjusted to results.

S-N curve from experimental data was plotted in order to analyse its fatigue
behaviour and to compare it with other specimens. As in previous experiments,
Basquin's law principles were used to measure the experimental data.
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Graph 14. S-N curve of steel S355 from Portugal, data obtained from [40]

In Table 20, the results of the experimental data at high number of cycles are shown.

Portugal [40]
N [cycles] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao [MPa] 709.180 585.810 - -
Ao /oy,
1.28 1.06 - -
d,=550 MPa

Table 20. Stress evaluation at a High-Cycle Fatigue regime of S355 from Portugal.

Unfortunately, as in previous S355 specimens, no information of ultimate strength
o, was available in the literature, but as it was explained before, mean value of ultimate
strength (0,=550 MPa) was used in order to estimate the relationship between 4c and
g,. But nevertheless, S-Ncurve provided us some valid information. First to notice is that
at HCF regime, specimens broke at a “similar” high stress range values, which seems to
have very good fatigue strength properties. Finally, a descendant slope with low
inclination and the stress range values leads us to think that is a common S-A/ curve for
a S355 steel.

Fatigue life prediction of specimens seems to be impossible to define with certainty,
but this experiments helps us to understand when the specimens fatigue life ends.

4.2.3.2 S-N curves comparison

In first place, an essential factor to compare various specimens is the stress ratio A.
It is crucial that the specimens have to be loaded with the same type of cycle; if not,
fatigue crack may propagate in another way, since tension and compression stresses
are completely different.

With this information, the only specimens that have the same stress ratio Rare the
S355J0 from Czech Republic and the S355J2 from Germany.
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Comparison of experimental data shows that S-A curves of both steel grades,
presented in Graph 15 differ a lot.
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Graph 15. 5-N curve comparison between S355J0 from Czech Republic [23] and S355)2
from Germany [34] (R=0.1).

Nevertheless, no more S-N curve comparison has been possible, since even various
steels as both S355 from Portugal have the same geometry, one of them is loaded at
stress ratio (R=0) and the other one at (R=-1), which makes impossible their comparison.

4.2.3.3 Crack propagation curve

In this part, comparison of the fatigue crack growth resistance of S355)J0 and S355J2
steel grades is shown. Data from those steels was obtained from experimental tests of
compact tension (C7) specimens.

The tested C7specimens had dimensions:

L [mm]

W [mm]

B [mm]

a, [mm]

H/2 [mm]

B1

62.5

50

10

12.5

30

60°

Table 21. CTspecimen dimensions for S355)J0 and S355)2 steel grades [42]

Two rolling directions A and B (rotated by 90°) were used in order to see the influence
of the material structure orientation on the crack propagation rate. Figure 14 shows the
specimen orientation in the metal sheet, in which specimens marked with letter “A”, the

initial crack is orientated parallel to the rolling direction.
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ROLLING DIRECTION

- - -

Figure 14. CTspecimen rolling direction, retaken from [42]

The fatigue crack growth rate experiments were measured from a computer-
controlled testing machine with a force up to 20 kN. Tests were conducted under load
control. A stress ratio £=0.1 for the load cycle and a frequency varying from 96 (for the
shortest cracks) to 42 Hz (for the longest cracks).

In Graph 16, the comparison of the experimental data from S355J0 and S355)2 in
both rolling directions in the Paris region is shown.

Comparison of experimental data
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Graph 16. Experimental results of S355J0 and S355J2 crack propagation rate, data
adopted from [42]

In this graph we can observe that both’s S355J0 and S355J2 crack growth rates are
very similar. At the same time, rolling direction does not seems to affect in the crack

growth rate in Paris region as well.

The difference in the crack growth rates between the tested specimens could be
resulting from the different amount of particles in the material structure and their
influence on the crack growth mechanism.

The material constants C and m were estimated from the experimental data
measured in Paris region. The results are given in Table 22, together with the data from
Jesus et al. [40] and Adedipe et al. [43].
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Material [mm/cycle-l\C/I.Pa-mm"-S] mL]
S355)2A 2.00E-12 2.595
S355)2B 1.00E-12 2.711
Adedipe S355)2 [43] 3.00E-14 3.296
S355J0A 2.00E-15 3.605
S355J0B 2.00E-15 3.638
De Jesus S355 [40] 3.00E-15 3.561

Table 22. Comparison of material constants Cand mfrom experimental measurement and
literature, data of S355J0 and S355)2 obtained from [42]
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Conclusion

In thesis, static and fatigue properties of two structural steels S235 and S355 from
various countries of the European Union have been analysed and compared from
experimental and literature data.

From the static point of view, chemical composition, mechanical properties and
strength properties were used in this comparison.

From the fatigue point of view, S-N curves approach (Woéhler curves) and Fracture
Mechanics approach (Crack Propagation Rate Curve) were used in this comparison.

The following conclusions can be drawn:

Most of the literature from S235 and S355 structural steels are focused on the
fatigue properties of welds/welded joints.

Not much information from S235 structural steel can be found in the literature.

Biggest variances in monotonic properties of steel from various countries are
found in steel S355J2G3.

Variances in chemical composition seems to be produced by the soil composition
of each country.

S-N curve comparison cannot be compared if stress ratio R has not the same
value, as different stress distribution in the specimen is produced due to
different load cycles.

Fatigue strength characteristics of steels may be related with variances in the
microstructure of the material.

Static properties, specifically chemical composition appears to be key in fatigue
behaviour of the materials.

Rolling direction in crack propagation rate curves seems to not be important.

The S355)2 steel grade shows higher crack growth rates when compared with
S355J0.

S355J2 steel grade shows a greater fatigue-endurance limit.
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RESUMEN

Esta tesis esta enfocada en la comparacién de las propiedades de los aceros S235y
S355 en varios paises de Europa. De esta manera, se ha realizado una comparacion
entre su composicién quimica, propiedades mecanicas y sus propiedades a fatiga como
son las curvas S-N(curvas de Wohler) y las velocidades de propagacion de grietas.

Estos dos tipos de aceros han sido comparados con el objetivo de estudiar la
influencia del material en las propiedades a fatiga de éstos.

La informacién usada en este proyecto fue obtenida en base a publicaciones de
diferentes articulos sobre estos tipos de aceros y de un programa experimental
realizado en el Institute of Physics of Materials ASCR en cooperacion con la Facultad de
Ingenieria Civil de Brno University of Technology.
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1. Introduccion

La importancia del material en la industria de la ingenieria civil ha sido crucial en los
ultimos cientos de afios, e incluso actualmente sigue siendo unos de los factores mas
influyentes y que marcan mas la diferencia en este sector.

La demanda del acero como material de construccién se encuentra en un nivel
creciente en esta industria. La gran resistencia del acero, asi como su ductilidad,
adaptacién a prefabricacion, etc., ha sido siempre un factor muy positivo para
convertirse en uno de los materiales mas importantes a la hora de escogerlo como tipo
de material en la estructura que se quiere construir.

Una de las propiedades mas importantes del acero son la tensién de fluencia (oy), la
tension de rotura (), el médulo de Young (£), la elongacion (A%) y la composicién
quimica.

Sin embargo, aunque tiene muchas ventajas también tiene sus defectos. Aqui es
donde la fatiga aparece. En general, la fatiga es quizas el factor de fallo mas importante
a tener en cuenta en el ambito del disefio estructural y mecanico. Para algun tipo de
producto, la fatiga ocurre para mas del 80% de los casos observados en fallos de
servicio.

Su importancia reside en que la fractura de materiales por fatiga ocurre a veces de
una manera catastrofica y sin previo aviso causando un severo dafio estructural y
pérdida de vida del material. La realizacion de un buen disefio para evitar este tipo de
procesos de rotura por fatiga es complicada, dado que los estreses a menudo se
producen por procesos aleatorios.[1]



2. Objetivo

El objetivo de este Trabajo de Fin de Grado es obtener informacion sobre las
propiedades de los aceros S235 y S355 en varios paises de la Unién Europea y
compararlos entre ellos con el propésito de entender sus propiedades a fatiga.

Con este fin, las propiedades mecanicas, como pueden ser la composicién quimica
y las propiedades estaticas seran medidas de aceros S235 y S355 sobre probetas lisas
para compararlos entre ellos y con los estandares dados por la Union Europea
(EN100025-2:2004).

A su vez, las curvas S-Ny las curvas de propagacion de grietas de los aceros S235y
S355 de los paises seleccionados han sido evaluadas a través de las curvas de Wohler
con objeto de comparar la influencia del material en sus propiedades a fatiga.

3. Materiales seleccionados usados en el area de la industria civil

En los siguientes apartados de este trabajo, la atencién se ha realizado en los aceros
S235yS355, en donde se ha realizado un pequefio estudio de sus propiedades estaticas
y a fatiga.

3.1 Acero S235

El acero S235 es un acero estructural que cumple con los estandares europeos EN
10025-2:2004. Es un acero carbonado que puede ser empleado en un amplio rango de
procesos, ya sea en la industria mecanica o en edificios y puentes.

Una de las principales caracteristicas de este acero es su tensién de fluencia de 235
MPa para espesores no superiores a 16 mm, pudiendo disminuir a medida que aumenta
este ultimo.

En la Tabla 1 se puede observar la designacion de este acero en varios paises:

Acero S235J2G3 [2]

EN
10025.2 | FEspafia [ Polonia [ ltalia Alemania | Portugal | U.K. China
10116 | AE235D | st3w | Fe3e0D | st373N | Fe360D | 40D Q 235D

Tabla 1. Designacion del acero S235J2G3 en varios paises.

Las propiedades mecanicas de los aceros estructurales son fundamentales para su
clasificaciéon y aplicacién en la industria.

En la Tabla 2 se puede observar los diferentes valores de la tension de fluencia (a,,),
tensién de rotura (o), médulo de Young (£) y elongacién (A%) de varios aceros S235J2G3
de Europa comparados con los estandares EN 10025-2:2004:

I;Nz;(())gz[; P[(::]o[za Italia [5] Alemania [6]
Min oy [MPa] 235 307 282 277
ou [MPa] 360/510 461 412 415
E[GPa] - 207 - -
A %] - 33.8 37 43

Tabla 2. Comparacion de las propiedades monotdnicas del acero S235J2G3 en varios paises.




De la misma manera, la Tabla 3 presenta las composiciones quimicas de varios
paises de Europa comparados con los estandares EN 10025-2:2004:

ENZSSE%:] Polonia [4] Italia [5] Alemania [6]

C [max %] 0.17 0.16 0.164 0.084
Mn [max %] 1.5 0.81 0.397 0.658
Si [max %] - 0.22 0.018 0.169
P [max %] 0.025 0.01 0.012 0.02
S [max %] 0.025 0.02 0.008 0.009
N [max %] - - 0.0033 -
Cu [max %] 0.55 - - R
Al [max %] - 0.04 0.035 0.039
Cr [max %] - 0.13 - 0.03
Ni [max %] - 0.09 - 0.035
Mo [max %] - - - -
Cev [max %] 0.4 - - -

Tabla 3. Comparacion de la composicion quimica del acero $235J2G3 en varios paises.

3.1.1 Propiedades a fatiga

Es bien conocido tanto en la industria mecanica como civil que la fatiga tiene un rol
clave en el disefio y mantenimiento de las estructuras y maquinas. En este apartado se
ha comparado las propiedades a fatiga mediante el uso de las curvas S-N.

Es importante remarcar que el acero S235 es menos usado que otros muchos en la
industria, por lo que no se ha podido obtener mucha informacién. En este caso, las
curvas fueron realizadas en g, -N, siendo g, la tension alternay AMel numero de ciclos.

El primer acero utilizado es un S235JR de Polonia. La Figura 1 muestra la
geometria de la probeta usado en los tests:

@155

Ra0.16/

Figura 1. Geometria de la probeta cilindrica hecha de acero S235 de Polonia, obtenida de [7]

Posee un area en la seccion transversal S, = 176.71 mm?. A su vez, el ensayo a
fatiga ha sido realizado con cargas ciclicas y un ratio (R=-1), una fuerza de 400 kN y una
frecuencia de 5Hz.

El siguiente grafico presenta la curva S-Nde la probeta:
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Grdfico 1. Curva S-N del acero S235JR de Polonia, informacion cogida de [7]

La Tabla 4 muestra los resultados del experimento a fatiga a altos ciclos.

Polonia [7]
N(ciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
0, [MPa] 276.391 237.97 - ;
0,/0
T 0.653 0.562 - ;
6,423 [MPa]

Tabla 4. Evaluacion de la tension a alto numero de ciclos del acero S235 JR de Polonia.

El segundo acero comparado en el experimento es un S235 de Portugal. La Figura 2
muestra la geometria de la probeta utilizada en los tests y la Tabla 5 especifica las
dimensiones de la misma. El espécimen presenta una seccion transversal S, de 30 mm?.
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Figura 2. Geometria de la probeta plana hecha de acero S235 de Portugal, obtenido de [8]

w T L L1 H R
Probeta
[mm] [mm] [mm] [mm] [mm] [mm]
S235 20 5 15 135 6 12

Tabla 5. Dimensiones de la probeta hecha de acero S235 de Portugal, informacion obtenida de

(8]



Los tests a fatiga fueron realizados con cargas ciclicas y un ratio (R=0). Las probetas
fueron usadas con una fuerza hasta 100 kN y una frecuencia que se ajustaba a los

resultados.
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Grdfico 2. Curva S-N del acero S235 de Portugal, informacion obtenida de [8]

La Tabla 6 muestra los resultados a fatiga a altos ciclos.

Portugal [8]
Nciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
g, [MPa] 324.030 285.486 - -
0,/0
e 0.578 0.509 - -
0,,=435 [MPa]

Tabla 6. Evaluacion de la tension a altos numeros de ciclos del acero S235 de Portugal.

3.1.2 Comparacion de las curvas S-N de las probetas seleccionadas
La comparacion entre los aceros S235JR de Polonia y S235 de Portugal no ha sido
posible debido a varios factores.

En primer lugar, el factor mas esencial e importante, el ratio R. Es imprescindible
que las probetas estén aplicadas con el mismo tipo de cargas ciclicas; ya que, si no,
la grieta a fatiga puede propagarse de una manera totalmente distinta debido a que
las tensiones de compresién y traccion son totalmente diferentes.

Finalmente, la geometria de las mismas era diferente.

3.2 Acero S355

El acero S355 es un acero estructural que cumple con los estandares de la Unién
Europea EN 10025-2:2004. Este tipo de acero es utilizado en practicamente
cualquier faceta de la fabricacién industrial.



Las principales caracteristicas de este acero es su tension de fluencia (g,) de 355
MPa a un espesor no superior a 16 mm, tendiendo a descender a medida que
aumenta éste.

En la siguiente tabla podemos observar los diferentes nombres de este acero en
varios paises:

Acero S355J2G3 [2]

EN
10025- Espafia Poonia Italia Alemania Portugal U. K. China
2:2004
1.0570 AE 355D TOHNAP Fe 510D St 52-3N Fe 510D 50D -

Tabla 7. Designacion del acero S355J2G3 en varios paises, informacion obtenida de [2]

Las propiedades mecanicas de los aceros estructurales son fundamentales para su
clasificaciény aplicacion en la industria. Este acero, al ser tan utilizado en la industria ha
permitido obtener mas informacién que el S235.

En la Tabla 8 se puede observar los diferentes valores de la tension de fluencia (oy),
tensién de rotura (o), médulo de Young (£) y elongacién (A%) de varios aceros S235J2G3
de Europa comparados con los estandares EN 10025-2:2004:

EN 100?35]'212004 Espafia[9] | Polonia[10] | Italia[11] | Alemania[6] Po{fgfa'
Min oy [MPa] 355 386 418 455 362 419
o [MPa] 470/630 689 566 620 566 732
E[GPal : 206 215 ] 206 ]

Tabla 8. Comparacion de las propiedades monotodnicas del acero S355J2G3 en varios paises.

De la misma manera, la Tabla 9 presenta las composiciones quimicas de varios
aceros S355J2G3 de varios paises:




EN10025- 1 ¢ oamaro] | Poloniariol | italia(11] | Alemaniafe) | "Ortu8?
2:2004 [3] [12]
C [max %] 0.2 0.17 0.14 0.193 0.222 0.1
Mn [max %] 1.6 1.235 0.88 1.520 1.580 0.64
Si [max %] 0.55 0.225 0.31 0.36 0.251 0.15
P [max %] 0.03 0.01 0.066 0.015 0.022 0.022
S [max %] 0.03 0.0006 0.027 0.0004 0.028 0.041
N [max %] 0.012 - - - - -
Cu [max %] 0.55 - 0.345 - - 0.38
Al [max %] - 0.032 - 0.026 0.039 -
Cr [max %] - 0.072 - - - 0.076
Ni [max %] - 0.058 - - 0.04 0.095
Mo [max %] - 0.016 - - - 0.014
Cev [max %] 0.47 - - - - -

Tabla 9. Comparacion de la composicion quimica del acero S$355J2G3 en varios paises.

3.2.1 Propiedades a fatiga

Es bien conocido tanto en la industria mecanica como civil que la fatiga tiene un rol
clave en el disefio y mantenimiento de las estructuras y maquinas. En este apartado se
ha comparado las propiedades a fatiga mediante el uso de las curvas S-N.

Es importante remarcar que el acero S355 es mas usado que otros muchos en la
industria, por lo que se ha podido obtener mas informacion. En este caso, las curvas
fueron realizadas en Ao-N, siendo Ao la amplitud de tensién y N el numero de ciclos.

Cuatro probetas fueron usadas con el objetivo de obtener comparar las
propiedades a fatiga.

Para comenzar, la primera probeta utilizada ha sido un acero S355J0 de la
Republica Checa. La Figura 3 muestra la geometria de la misma utilizada en los
ensayos. El espécimen presenta una seccion transversal S, de 19.634 mm?.

La probeta ha sido ensayada con cargas ciclicas de ratio #= 0.1.
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Figura 3. Geometria de la probeta cilindrica hecha de acero $355J0 de la Republica Checa,
obtenida de [13]
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Grdfico 3. Curva S-N del acero S355J0 de la Republica Checa, informacion obtenida de [13]

A partir de este grafico, la tabla10 muestra los resultados experimentales a altos
ciclos de carga.

Republica Checa [13]

Nciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao[MPa] 563.540 554.530 545.663 536.939
Ado/o,,
1.02 1 0.99 0.97
0,=550 MPa

Tabla 10. Evaluacion de la tension a alto numero de ciclos del acero S355J0 de la Republica
Checa.

El segundo espécimen utilizado ha sido un acero S355 de Portugal. La Figura 4
muestra la geometria de la probeta utilizada en los ensayos y la Tabla 11 especifica las
dimensiones de la misma. La probeta posee una seccién transversal S, de 30 mm?.

i ——-—-—-—-—-—-—-—-—--—-—-—-—-?—-—-——
| S %

Figura 4. Geometria de la probeta plana hecha de acero S355 de Portugal, obtenida de [8]

W T L L1 H R
Specimen
[mm] [mm] [mm] [mm] [mm] [mm]
S355 20 5 15 100 6 12

Tabla 11. Dimensiones de la probeta hecha de acero S355 de Portugal, informacién obtenida
de [8]



Los tests a fatiga fueron realizados utilizando cargas ciclicas con un ratio £=0. A su
vez, los especimenes fueron ensayados con una fuerza de hasta 100 kN y una frecuencia
gue se ajustaba a los resultados.
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Grdfico 4. Curva S-N del acero S355 de Portugal, informacion obtenida de [8]

Por ende, la Tabla 12 muestra los resultados de los experimentos a altos ciclos:

Portugal [8]
N ([ciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao[MPa] 582.843 492.665 - -
Ao /o,
1.05 0.89 - -
0,=550 MPa

Tabla 12. Evaluacion de la tension a alto numero de ciclos del acero S355 de Portugal.

La tercera probeta utilizada en el estudio es un acero S355J2 proveniente de
Alemania. La figura6 muestra la geometria de la probeta utilizada en los tests. A su vez,
este espécimen posee una seccion transversal S, de 960 mm?2.

_ 190 |, 60 _|. 150 | 60 |, 190
[mm] [ | |

L 7 ___i:if:‘:ﬂ?r. T

I\'- || '||\||I. \1\";_,«:'; T
_/

water jet or mill cutting
t= 13, 25 or 40 mm

100

clamping araa

Figura 5. Geometria de la probeta plana hecha de acero S355J2 de Alemania, obtenida de

[14]



Los tests a fatiga han sido realizados utilizando cargas ciclicas con un ratio R=0.1.
Las capacidades estaticas de la maquina se encontraban entre 1T MN y 1.6 MN.
Dependiendo de la carga, la frecuencia podia variar entre 5y 9 Hz.
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Grdfico 5. Curva S-N del acero $355J2 de Alemania, informacion obtenida de [14]

De la misma manera, la Tabla 13 muestra la evaluacion de la tensién a altos ciclos:

Alemania [14]

Nciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao [MPa] - 376.315 224.673 134,137
Ao /o,
- 0.68 0.41 0.24
6,=550 MPa

Tabla 13. Evaluacion de la tension a alto numero de ciclos.del acero S355J2 de Alemania.

Finalmente, la Ultima probeta utilizada en el ensayo se trata de un acero S355 de
Portugal. La Figura 6 muestra la geometria de la probeta y la Tabla 14 especifica las
dimensiones de la misma. El espécimen posee una seccion transversal S, de 93.75 mm?2.

* ____________._._._.___________,?______
. 7\ \ 7%

Figura 6. Geometria de la probeta plana hecha de acero S355 de portugal, obtenida de [12]



w T L L1 H R
Probeta
[mm] [mm] [mm] [mm] [mm] [mm]
S355 30 7.5 26 200 12.5 8

Tabla 14. Dimensiones de la probeta de acero S355 de Portugal, informacion obtenida de [12]

Los tests a fatiga fueron realizados utilizando cargas ciclicas con un ratio #=-1. Las
probetas fueron ensayadas hasta una fuerza de 100 kN y una frecuencia que se ajustaba
a los resultados.
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Grdfico 6. Curva S-N del acero S355 de Portugal, informacion obtenida de [12]

En la Tabla 15 se muestran los datos experimentales obtenidos a altos ciclos.

Portugal [12]
N [ciclos] 1.0E+04 1.0E+05 1.0E+06 1.0E+07
Ao [MPa] 709.180 585.810 - -
Ao /oy,
1.28 1.06 - -
d,=550 MPa

Tabla 15. Evaluacion de la tension a alto numero de ciclos del acero S355 de Portugal.

3.2.2 Comparacion de las curvas S-N de las probetas seleccionadas

A pesar de haber obtenido varias probetas, la comparacion de las curvas S-N de este
acero no ha sido tan facil. Esto se produce debido a que un factor esencial para la
comparacion de las propiedades a fatiga es el ratio (R). Es crucial que las probetas sean
ensayadas con el mismo tipo de cargas ciclicas, ya que si no, la grieta por fatiga podria
propagarse de una manera totalmente diferente.

Conociendo esto, las Unicas probetas que cumplen los requisitos son el acero S355J0
de la Republica Checa y el acero S355)2 de Alemania, los cuales tienen el mismo ratio
R=0.1.



La comparacion de las curvas S-N de ambos aceros se encuentra presentada en el
Gréfico 7:
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Grdfico 7. Comparativa de las curvas S-N de los aceros S355J0 de la Republica Checa [13] y
S$355)2 de Alemania [14] (R=0.1)

Se puede observar claramente que existe una gran diferencia de tensiones entre
ambas a alto nimero de ciclos.

3.2.3 Curva de propagacion de la grieta

En este apartado, se muestra la comparacion del crecimiento de la grieta a fatiga
entre los especimenes S355J0 y S355J2 procedentes de la Republica Checa obtenidos a
partir de resultados experimentales con las siguientes medidas:

L [mm] W [mm] B [mm] a, [mm] H/2 [mm] b1

62.5 50 10 12.5 30 60’

Tabla 16. Medidas de los CT especimenes S355J0 y $355J2 [15]

Los experimentos de crecimiento de la grieta han sido medidos a través de un
ordenador preparado para mediciones con una fuerza de hasta 20 kN. Fueron utilizados
un ratio R=0.1 para las cargas ciclicas y una frecuencia que variaba desde 96 (grietas
mas pequefias) hasta 42 Hz (grietas mas grandes).

En el Grafico 8, la comparacién de los resultados experimentales de los aceros
S355J0y S355J2 en la region de Paris es mostrada:
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Grdfico 8. Resultados experimentales de las curvas de propagacion de la grieta de los aceros
S355J0 y $355J2, informacion obtenida de [15]

En este grafico podemos observar ambos crecimientos de la grieta, los cuales
parecen ser similares.

La diferencia en el crecimiento de la grieta de los especimenes ensayados podria
resultar de la diferente cantidad de particulas en la estructura del material y la
influencia en la propagacion de la grieta.

Las constantes C y m de los materiales fueron estimadas de los datos
experimentales obtenidos en la region de Paris. Los resultados han sido colocados en
la tabla18, junto con la informacién obtenida de Jesus et al. [12](Portugal) Y Adedipe
(U.K.) [16].

Material [mm/cycle-lf/I.Pa-mmo-S] mL]
S355)2A 2.00E-12 2.595
S355)2B 1.00E-12 271
Adedipe S355J2 [16] 3.00E-14 3.296
S355J0A 2.00E-15 3.605
S355J0B 2.00E-15 3.638
De Jesus S355 [12] 3.00E-15 3.561

Tabla 17. Comparacion de las constantes Cy m a través de mediciones experimentales,
informacion obtenida de $355J0 y S355J2 [15]



Conclusiones

En este Trabajo de Fin de Grado, las propiedades estaticas y a fatiga de dos aceros
estructurales S235 y S355 en varios paises de la Union Europea han sido analizadas y
comparadas mediante informacién obtenida de experimentos y literatura.

Se han obtenido las siguientes conclusiones:

La mayoria de la informacién recogida de la literatura de los aceros S235y
S355 estaba focalizada en las propiedades a fatiga de uniones soldadas.

Existe poca informacion en articulos sobre el acero S235.

Las mayores variaciones en las propiedades monotonicas de los aceros se
encuentran en el S355)2G3.

Diferencias en la composicién quimica de los aceros podria ser producida
por la composicion del suelo de cada pais.

Las curvas 5-N no pueden ser comparadas si el ratio R no tiene el mismo
valor, ya que se producirian diferentes distribuciones de estrés en las
probetas debido a que las cargas ciclicas no son iguales.

La resistencia a fatiga de los materiales podria estar relacionada con las
variaciones de la microestructura del material.

Las propiedades a fatiga, en concreto la composicién quimica, parece ser
clave en el comportamiento a fatiga de los materiales.

EL acero S355)2 muestra mayor curva de propagacion de la grieta que el
S355J0.

El acero S355J2 muestra mayor limite de resistencia a fatiga.
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