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Summary

SUMMARY

The present Ph.D. thesis is the collection of three years of research activity in the fatigue field.
The aim of the thesis was to apply Energy based methods to the assessment of the fatigue

properties of materials.

The Risitano Thermographic Method and the novel Static Thermographic Method were
extensively applied to a wide set of materials in order to validate them as rapid test procedures
able to derive, in short amount of time and with few specimens, the fatigue properties of materials

monitoring the energetic release.

Finite element simulations were carried out to applying the Strain Energy Density method as a

local approach to predict the fatigue failure of notched mechanical components.

The Thermographic Method-s were applied to structural steel from an in-service component,
plain and notched medium carbon steel specimens, high strength concrete under compressive
loads, high density polyethylene for pressure pipe applications, 3D printed polyamide-12
specimens and short glass fiber reinforced composite PA66GF35.

The Strain Energy Density approach was applied to welded components, in particular
cruciform welded joints, to compare the fatigue information provided by this method with the

ones provided by the international welding standards.

The experimental activities were performed at the Laboratory of Mechanics of the University
of Messina. Part of the research period was spent by the author at the University of Padova,
under the supervision of Prof. Giovanni Meneghetti, and at the Norwegian University of Science
and Technology (NTNU), under the supervision of Prof. Filippo Berto, to study local approaches
techniques.

Several research perspectives have been opened by this thesis, that the author would to pursue

in the future.
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Introduction

INTRODUCTION

Fatigue properties are of fundamental importance in mechanical design, but they require a huge

amount of time and material to be assessed.

A deep understating of the micro and macro failure mechanisms of the material show how the
fatigue degradation is a process accompanied by energetic release. Several studies have shown
how a large part of the input energy, provided to the material as mechanical work, is dissipated
into heat, while a very small portion is stored within the material, leading to microstructural

modifications, hence to fatigue failure [1].

Moving from this assumption, several energy based method have been developed to overcame
the limitations of traditional fatigue tests. In particular, the Risitano Thermographic Method [2]
has been proposed to derive the fatigue limit and the whole S-N curve of the material monitoring

the superficial temperature of a specimen tested under fatigue loads.

A recent development has been introduced by Risitano and Risitano [3] with the Static
Thermographic Method. By evaluating the specimen surface temperature during a monoaxial
static tensile test, it is possible to obtain the fatigue limit as the macroscopic applied stress at

which the temperature trend deviates from the linearity of the thermoelastic effect [4].

Dealing with notched components, it is difficult to take into account all the different parameters
that may affect the fatigue behavior of the material. Under the assumption that fatigue failure is
a local problem, Livieri and Lazzarin [5] proposed the Strain Energy Density approach to
evaluate the averaged strain energy over a control volume and compare it to a critical value. This

approach allows to compare the fatigue failures from different notch configurations.

The aim of this Ph.D. thesis is the adoption of the energy based methods to assess the fatigue
properties of several materials in order to validate them. In particular, the Static Thermographic
Method is extensively applied given its ability to assess the fatigue limit of several materials in

a very short amount of time and with a simple static traction test.
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Introduction

The thesis is dived into two parts. In the first part, a theoretical background on the Risitano
Thermographic Method, the Static Thermographic Method and the Strain Energy Density
approach is proposed. In the second part, a series of experimental and numerical investigations
is presented, carried out during the 3 years Ph.D. period. Each chapter of the second part presents
a brief highlights of the experimental activity and the relative journal publication, as paper or

procedia. At the end of the thesis a list of publication by the author is presented.
The chapter structure is as follow:
Part One — Theoretical background

In Chapter 1 “Energy dissipation in fatigue test”, it is presented the engineering aspect of
fatigue and the energy based approaches developed to assess it. Several aspects that may
influence the fatigue behavior of the material are exposed. Moving from the micro and macro
dissipative aspect of the fatigue degradation, the early study on the energetic release are
presented. A deep insight on the Risitano Thermographic Method is presented, as well as a view

on other energetic approaches.

In Chapter 2 “Energetic release in static tensile test”, the fundamental relations of the coupling
between the thermal and stress-strain field of a material is presented, as well as the
thermoelasticity phenomenon. An insight on the early studies regarding the energetic release
during a static tensile test is presented. Suddenly, the Static Thermographic Method approach is
presented with the numerical temperature model, developed by the author, to predict the

temperature trend during a static tensile test.

In Chapter 3 “Local Approaches”, the basis of the local approaches are exposed. The Notch
Stress Intensity Factor (NSIF) is presented in order to describe the asymptotic stress field near a
notch tip. Suddenly, the Strain Energy Density approach is presented within its advantages over
the NSIF approach. Lastly, the Peak Stress Method is exposed as a rapid numerical procedure to
estimate the NSIF.

Part Two — Experimental activities

In Chapter 4 “Structural Steel S355”, the Thermographic Method-s are applied to specimens
retrieved from an in-service port crane. Traditional fatigue tests have been carried out to assess

the fatigue limit and the S-N curve of the steel. The S-N curve predicted by means of the
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Introduction

Thermographic Method, as well as the fatigue limits estimated by both classical Thermographic

and Static Thermographic Method are in good agreement with the traditional fatigue tests.

In Chapter 5 “Medium carbon steel C45”, both the Thermographic Method-s are applied to a
medium carbon steel to investigate its fatigue behavior. The fatigue limit assessed by them is in
good agreement with the literature data and with the other fatigue limits assessed by several
Italian Universities within the Energy Method group (MEAS) of the Italian society of Machine
Design (AIAS). Numerical simulations have been carried out in order to estimate the energetic

release and the beginning of irreversible plasticity during a static tensile test.

In Chapter 6 “V-notched medium carbon steel AISI 10357, the Static Thermographic Method
is applied to notched specimens in order to estimate the deviation from the linearity of the
thermoelastic effect. The corresponding applied stress has been compared with the one assessed
by Thermographic Method showing good agreement. Numerical simulations have been carried
out to assess the beginning of plastic effects near the notched region and the corresponding
temperature trend. This activity is part of the collaboration between the University of Messina

and the Norwegian University of Science and Technology (NTNU).

In Chapter 7 “High Strength Concrete”, the Static Thermographic Method has been applied to
cubic concrete specimens subjected to compressive loads, in order to monitor the evolution of
the internal damage. Thermal image analysis and numerical finite elements simulations showed
how it is possible to predict, by means of the infrared thermography, the beginning of micro

failures that evolves in macroscopic failures of the material.

In Chapter 8 “High-Density Polyehtilene”, for the first time Thermographic techniques have
been applied to specimen of high density polyethylene (PE100). The temperature trend was
monitored during static tensile and stepwise fatigue tests in order to predict the fatigue limit of
the material. Traditional fatigue curve has been obtained showing good agreement between the

traditional fatigue limit and the one by means of the Thermographic approaches.

In Chapter 9 “3D-Printed Polyamide-12", for the first time the Static Thermographic Method
has been applied to 3D printed plastic material. The temperature trend was monitored by an
infrared camera and the fatigue limit has been compared to the one from traditional constant

amplitude fatigue test.
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In Chapter 10 “Composite material PA66GF35”, the Static Thermographic Method has been
applied to composite material. The aim of the activity was to link the internal material
microstructure and its microfailure mechanisms with the macroscopic energetic release. A
micromechanical finite element system of the fiber-matrix system was modelled and the damage
information retrieved from this model have been adopted to carried out finite element simulation

on the specimen subjected to static tensile loading in order to predict the temperature trend.

In Chapter 11 “Local approaches for welded structures”, the Notch Stress Intensity Factor, the
Strain Energy Density Method and the Peak Stress Method have been applied to synthetize the
fatigue data of welded joints, treated as notched mechanical component. This activity is part of
the training period performed by the author at the University of Padova under the supervision of

Prof. Giovanni Meneghetti.

In Chapter 12 “Fatigue assessment of welded joint by means of SED approach and comparison
with standards”, numerical finite element simulations have been carried out on cruciform welded
joint applying the Strain Energy Density approach. The fatigue information retrieved from the
SED method have been compared with the current international standards that prescribe the
fatigue design of such components. This activity is part of the collaboration between the
University of Messina and the Norwegian University of Science and Technology (NTNU),

where the author spent a period of three months under the supervision of Prof. Filippo Berto.
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PART I - Chapter 1 Energy dissipation in fatigue test

1. ENERGY DISSIPATION IN FATIGUE TEST

Fatigue assessment of material is of fundamental importance for a proper, reliable and safety

design of mechanical components.

Historically, such tests have been performed on specimens under constant amplitude stress or
strain, requiring a very large amount of time and of tested specimens, i.e. adopted material.
Nowadays, this testing approach is not competitive in the industry field where it is necessary to
obtain useful information on materials and components to develop new devices or improve it in

a rapid way.

Studies have shown that the fatigue degradation is a dissipative phenomenon where only a
portion of the external energy, provided as work on the mechanical component, is stored within
the material to activate microstructural change. A very large amount of energy is dissipated into
the surrounding environment as heat. Moving from this consideration, many researchers have
developed experimental methods to assess the fatigue behavior of the material evaluating the

dissipative aspect during a fatigue test.

Despite some researchers measured the energy dissipation of a specimen subjected to fatigue
loading, the first, who adopts the Infrared Thermography to monitor the specimen surface
temperature and link it to the fatigue behavior of the material, was Risitano in 1983. In this
chapter, it is presented a broad view on fatigue of materials and the energy based method to

assess it.

In section 1.1 are exposed briefly several aspects that may influence the fatigue behavior of the
materials, in particular the fatigue regime, the mean stress effect, the load history and the stress

state.

In section 1.2, some preliminary studies on the fatigue behavior of the material are presented,
moving from the microscale to the macroscale effects, that take into account energetic aspect of

the fatigue process.



PART I - Chapter 1 Energy dissipation in fatigue test

In section 1.3, it is presented the Risitano Thermographic Method as a rapid procedure to
estimate the fatigue limit and the S-N curve of the material evaluating the temperature trend

during a fatigue test.

In section 1.4 are presented some energetic approach defined to overcome the problems that
may arise from the direct evaluation of the fatigue properties from the temperature evolution of
the material. Starting from the first thermodynamic law applied to an elementary volume of
material, some parameters, independent from the test boundary condition, are adopted to

evaluate the fatigue properties of the material.

1.1. Fatigue in materials

Fatigue assessment of engineering materials is still an open challenge for researchers all around
the world, due to the difficulties encountered in modelling such a complex phenomenon. The
material behavior, the environmental condition and the load type may severally influence the
resistance of mechanical components to stress, or strain, that change during time. Nevertheless,

the material response at micro scale can be severally different from that at macroscale.

Defects in material are the main reason of fatigue failure. They develop at atomic scale, due to
microslip of dislocation, and grow up to microscopic fatigue damage that may evolve in
macrocracks. The application of a cyclic load leads to the formation and accumulation of
microcracks and their growth onto macrocracks [6]. The macrocracks can propagate and became
irreversible plastic deformation till the mechanical component failure. Usually, fatigue failure
results in a catastrophic failure due to the rapid propagation of the cracks, hence it is necessary,

mainly for safety reason, to predict such phenomenon.

Fatigue failure can be influenced by several parameters. For example, the fatigue regime (Low
Cycle Fatigue LCF, High Cycle Fatigue HCF) leads to different failure mechanism of the
component, as wells as the stress state (uniaxial or multiaxial) and the load history (amplitude

and sequence).

1.1.1. Fatigue regimes

The fatigue life of mechanical component can be described by the S-N curve (Stress vs.

Number of cycle) or Wohler curve [7] (Figure 1.1), which report the number of cycles to failure

2



PART I - Chapter 1 Energy dissipation in fatigue test

versus the applied maximum stress under different stress ratio R, defined as the ratio between
the minimum applied stress and the maximum one, considering a sinusoidal stress function
(Figure 1.2). As the applied stress increases, the resistance of the component, i.e. the number of
cycles, decreases; on the other hand, as the applied stress is reduced, the number of cycles
increases. The S-N curve are usually reported in a bi-log diagram and, depending on the number
of cycles range, it is possible to define several fatigue regimes. The Low Cycle Fatigue regime
is defined for a number of cycles from 10° to 10* In this regime, the main fatigue failure
mechanism is due to the stress that arises at the surface of the specimen and large plastic strain
of the material is observed. In the High Cycle Fatigue regime, (N>10°) the stress and strain are
within the elastic region. Other regions of interest in the S-N curve are the Intermediate Cycle
Fatigue (ICF, 10°-10°); the very low cycle fatigue (VLCF, <10%) and the very high cycle fatigue
(VHCF, >10%).

Some materials (steel or titanium alloys), for an applied stress level lower than a certain value,
do not show fatigue failure. This stress level is defined as the “endurance limit” or “fatigue limit”
of the material 9. Other materials, such as nonferrous metals and plastic, do not show a fatigue

limit, so the S-N curve continue to decrease.

Usually, for a number of cycle of 1x10° or 2x10° for metals, it is conventionally assumed that
the material has an infinite life. Some studies show how, despite lower stresses than the fatigue

limit are applied, for a very high number of cycle fatigue failure can occur [8—12].

o [MPa]

Fatigue
limit
Go

ICF
LCF . HCF
103 100

N. cycles

Figure 1.1: Typical fatigue (S-N) curve for a material with fatigue limit.
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PART I - Chapter 1 Energy dissipation in fatigue test

To model the S-N curve several models have been developed. One of the most adopted is the
Basquin’s model, where a linear correlation in bi-log terms between the stress amplitude ¢ and
the number of cycle to failure Nr is assumed. The terms a and b are constant evaluated from

experimental results.
b
c=a-(N) (1.1)

1.1.2. Mean stress effect

Another parameter to take into account for fatigue assessment is the effect of the mean stress.
A sinusoidal load (Figure 1.2), hence the corresponding stress, may defined by the following

parameters:

Omax + 0, min

Om = > (1.2)
Ao = Imax ~ Omin (1.3)
2
Omin
R = 1.4
Umax ( )

Several authors developed fatigue models that take into account the effect of the mean stress.
Each of them present some limitations in its application compared to other models. Three of the

most adopted models are the ones proposed by Goodman, Gerber and Sodemberg [13—15].
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Figure 1.2: Parameters of a cyclic fatigue load.

1.1.3. Load history

The S-N curve are defined for a constant stress amplitude sinusoidal condition. However, in
real applications mechanical components experience a wide range of stresses, with variable
amplitude, frequencies and sequence in a randomly way. Hence, the stress amplitude and also
the mean stress can vary during the fatigue life of a component. Palmgren [16], for the first time,
evaluating the fatigue life of ball bearing, proposed a linear rule for the damage assessment. Its
work was later extended by Miner [17] and Manson [18]. The Palmgreen-Miner cumulative
damage criterion defines the damage fraction D; for a stress level S;, equal to the cycle ratio
performed by the specimen n; and the theorical number of cycle to failure for that stress level

Ni. The sum of each partial damage must be equal to 1:

— =1
1.5
Nfi ( )

This linear damage rule does not consider the loading sequence effect and it is independent
from the stress level and its amplitude. Several study have shown its limitations [19,20]; however

it is still an adopted criterion due to its simplicity.



PART I - Chapter 1 Energy dissipation in fatigue test

1.1.4. Stress state

In real application, mechanical components are subjected to complex stress state where the
principal strain are non-proportional and may change their direction during a load sequence.
Generally, mechanical components can be subjected to multiaxial stress state. Several class of
model have been developed and they can be categorized as: stress based, strain based and energy-
based [21]. One of the most popular multiaxial criterion is the “critical plane approach” proposed
by Stenfield [22]and later by Socie [23]. It is based on the concept that cracks initiate and
propagate in the critical plane across the material. This critical planes are the ones where the
combination of the shear and normal stress reaches the maximum value. On the hand, one of the
most adopted criterion, that reduces a multiaxial stress state into an equivalent monoaxial
equivalent stress, is the von Mises criterion [24]. This criterion can be adopted in mutiaxial
conditions where the maximum shear and normal stresses are in phase (proportional multiaxial
loading). In case where the maximum of both loading is not in phase (non-proportional loading),

other multiaxial model, such as the critical plane one, have to be adopted.

1.1.5.Some consideration about the test time

Generally, fatigue tests are really expensive, both in terms of time and specimens required to
obtain the full fatigue curve of the material. For metallic materials they are usually conducted at
frequencies in the range of 10-20 Hz and, for example, considering a run-out number of cycle of
2x10°, a single test may require about 27 hours. This number of hour must be multiplied for a
minimum number of 6 specimens (2 specimens per 3 stress level) to obtain the fatigue curve of

the material.

For plastic or composite materials, the test frequency may play an important role. In fact it is
not possible to perform fatigue tests with high frequencies in order to prevent the self-heating
phenomena that may arise in such kind of materials [25]. The material properties may be
severally influenced by high temperature during the fatigue test. This limitation leads to an

increase in terms of test time.

To overcome such problems, researchers have been developed (and they are still developing),

rapid test methods to assess the fatigue properties of materials and mechanical components.



PART I - Chapter 1 Energy dissipation in fatigue test

1.2. From microstructure to macroscopic dissipative effect in fatigue

As previously stated, fatigue is a high dissipative phenomenon that involves several energetic
transformations. In particular, the plastic energy dissipation is a manifestation of the failure
mechanisms that happens within the material, firstly at microscale, secondly at macroscale, when

subjected to fatigue loading.

The dislocations are assumed as the responsible to dissipation at atomic scale. In a pioneristic
work, Eshelby [26] apply the notion of dislocation to assess the energy dissipation in metals. He
describes the mechanism of mechanical damping in vibrating metals considering also the
movement of dislocations. Eshelby observed that in addition to the thermoelastic damping,
adopted by Zener [27], there was an additional energy loss due to the oscillation of the
dislocations. The movement of the dislocation lead to a redistribution of the stress field within
the material and hence to a change in the temperature distribution which, governing the heat
flow, causes the mechanical damping. Such a phenomenon is strictly dependent on the applied

stress and on the dislocation density.

From a macroscopic point of view, the strain energy dissipated in a cyclic loop may be a useful
aid to predict the fatigue failure of materials. In a work of 1965, Morrow [28] developed a model
to evaluate the plastic strain energy from the hysteresis loop in terms of stress and strain. He
noticed how the plastic strain energy released per cycle is almost constant during the fatigue test
and varies with the strain level and the cyclic properties of the material (i.e. cyclic strain

hardening, cyclic ductility and fatigue strength coefficient).

The consideration of the dynamic hysteresis loop method have been adopted by Kaleta [29]
and coworkers to measure the energy stored in specimens of carbon steel under alternating
fatigue loading at a stress equal to the fatigue limit of the material. The stored energy was
estimated as difference of the mechanical energy spent in the specimen and the external released

energy into the surrounding environment.

Several studies [30,31] have shown that under different strain rates, about the 90% of the
generated plastic strain energy is converted into heat. Under this consideration it is possible to
say that fatigue is a dissipative phenomenon; hence, measuring the energy dissipation can

provide useful information regarding the fatigue life of the material.
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1.2.1. Temperature trend during a fatigue test

During a fatigue test, the temperature variation of the specimen may be decomposed into two
contributes (Figure 1.3): one given by the elastic strain energy and the other to the plastic strain
energy. The first effect is associated with a cyclic recoverable change in temperature
(thermoelastic effect), while the latter is associated with an increase in the average value of the

temperature.

The variation of the specimen temperature can be performed adopting thermocouples or by
means of Infrared Thermography (IR), a full field technique. Thanks to its rapid growth, IR
thermography allows to capture very small variations in the temperature of a body due to elastic

deformations, compared to thermocouples that may also alter the measurement.

Thermoelastic
temperature

variation .

~ r Al no
YA AN A AN AN
~ Voo \\/’ ‘v’
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Mean
temperature
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N. cycles

Figure 1.3: Temperature trend during a fatigue test with elastic and plastic contribution.

La Rosa and Risitano [2], applying the IR thermography to monitor the superficial temperature
of a plain specimen under constant amplitude fatigue loading conditions, observed three
different phases (Figure 1.4). In the first phase (Phase I), the temperature increases and in the
second phase (Phase II) it reaches a plateau region, where the temperature has an almost constant
value defined as the stabilization temperature ATy. Finally, in the third phase (Phase III), the

temperature experiences a very high further temperature increment till the specimen failure.
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Figure 1.4: Temperature evolution during a fatigue test.

As already observed by Kaleta [29], if the applied stress is below the fatigue limit of the
material, the increase in temperature AT, evaluated as the difference between the initial
temperature and the instantaneous temperature, is very limited and it can be considered null or
as noise. On the other hand, if the applied stress is above the fatigue limit of the material the

three phases of the temperature trend, as previously described, are shown.

For stresses above the fatigue limit the temperature gradient in terms of number of cycles
(AT/AN) of the Phase I was higher the higher the applied stress. The same consideration is valid
also for the stabilization temperature: the greater the applied stress, the greater the stabilization

temperature value.

The duration of Phase I and III, i.e. respectively the number of cycles required to reaches the
stabilization temperature of Phase II and the phase prior to failure, respect the whole fatigue life
of the specimen vary widely. For applied stresses near the fatigue limit of the specimen it is
expected that fatigue life is almost covered by Phase II; conversely for applied stresses near the
yielding strength of the material, Phase II is very short. Generally, for stresses not near the

yielding strength of the material, the Phase I is in the order of the 10% of the whole fatigue life.

Increasing the fatigue test frequency increases also the temperature gradient and considering

that the test is very short, the influence of the ambient temperature is negligible.

9
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1.3. Risitano Thermographic Method

Considering the observations on the temperature trend in section 1.2.1, La Rosa and Risitano
[2] proposed the Thermographic Method (TM) or the Risitano Thermographic Method, after the
researcher who first used thermography to explore the thermal distribution on a specimen, hence

determining the fatigue limit.

Since 1983 [32], Risitano proposed the adoption of the IR thermography as a contactless
technique to overcome the problem of detection systems, such as thermocouples, that may
influence the measurements. An experimental program to validate the adoption of IR
thermography was performed and the first results were presented in 1986 [33] at the national
congress of the Italian society of machine design (AIAS). In this work, the traditional method
for the construction of the S-N curve was paired with the analysis of the temperature over the

specimen surface.

Several works of Risitano and coworkers and of other authors validated the TM over a large
set of materials: steels [32—-36], aluminum alloys [37], cast iron [38—41] and composites [42,43].
On the basis of this observations, Risitano proposed the thermographic analysis as a rapid
procedure to estimate the fatigue limit of materials. The fatigue limit can be defined

macroscopically as the stress value for which the temperature of the material increases.

Monitoring the specimen surface temperature during a constant amplitude fatigue test by
means of an IR camera, it is possible to assess the stabilization temperature AT (or the thermal
gradient AT/AN) for each applied stress. Reporting in a graph the recorded stabilization
temperature versus the applied stress or its square (Figure 1.5), by performing the linear
regression it is possible to evaluate the fatigue limit as the intersection of the regression line with
the abscissa axis. In a work of 2005, Curti and Cura [44] proposed an iterative method in order
to assess the fatigue limit considering also the possible small temperature increments for stresses

below the fatigue limit.

10
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Figure 1.5: Determination of the fatigue limit by means of the TM.

The Thermographic Method can be considered an effective non-destructive method, valid in

practical applications where the fatigue limit of a mechanical component is required [45].

The stabilization temperature is reached in a few number of cycles, hence it is possible to reuse
the same specimen to apply other stress levels, particularly if loaded at stress level very far from
the yielding strength of the material. In this case the specimen experiences very little damage

due to the limited number of cycles needed to determine AT or the thermal gradient AT/AN.

Moving from the previous consideration, Fargione et al. [46], proposed a rapid procedure to
estimate the entire S-N curve from a very limited number of specimens (even one). It is assumed
that the fatigue failure occurs when the energy of plastic deformations reaches a constant critical
value E, characteristic of each material and equal to the energy to failure per unit volume.
Considering E; as the plastic energy per unit volume, the cumulative residual lifetime of the

specimen after a number of cycle Ny can be evaluated as:
No
E. =E, —f E,dN (1.6)
0

The energy of plastic deformation per cycle E; is proportional to the energy liberated as heat
Q by the specimen and, considering that the stored energy in the specimen is very low compared

to Q, it is possible states that Q is proportional to the limit energy of the material (QxE).
11
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From experimental tests it is possible to evaluate the liberated energy Q and a parameter ©, the
Energy Parameter, as the integral of the temperature trend versus the number of cycles (Figure
1.4 and Figure 1.6). The Energy Parameter, as well as the liberated energy Q, is proportional to

the limit energy of the material (equation (1.7)).

o

No
j AT -dN < E, (1.7)
0

04> 03> 0) > 01>0()

ATgtg >ATge3 >ATgpp >ATgy

Dy =Dy =Dy =D =cost

AT [K]

Figure 1.6: Temperature trend during a constant amplitude fatigue test as function of the
applied stress level.

As the applied stress is higher compared to the fatigue limit of the material, the higher is the
stabilization temperature, but, on the other hand, the subtended are of the temperature vs. number
of cycle curve, equal to the Energy Parameter @, can be considered constant, given a fixed stress
ratio R and test frequency. To estimate @, it is convenient to discard the stress levels for which

it is difficult to identify the three phases (near the yielding strength of the material.

It is possible to evaluate the whole fatigue curve of the material adopting a very limited number
of specimens. Given the fact that the stabilization temperature is reached in short number of
cycle, it is possible to apply in a stepped way a stress level sequence, recording the stabilization

temperature, till the failure of the specimen (Figure 1.7). The Energy Parameter can be estimated

12
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as the integral of the temperature curve and, by the experience of the Authors, it can be evaluated,

for a constant amplitude test, in a simple way as:

® ~ ATy, - Ny (1.8)

Where it is assumed that Phase I and Phase III are negligible compared to the Phase II (valid
for stress levels near the fatigue limit). On the basis of equation (1.8), it is possible to evaluate
the number of cycles at which the specimen would break if it were stressed only at stress level
oi. The points represented by the abscissa and ordinate, respectively, equal to the number of
cycles and the stress level, can be reported in a S-N diagram to obtain the whole fatigue curve

of the specimen (Figure 1.8).

O~ Z ATy, - AN;

AT [K]
o [MPa]

N. cycles

Figure 1.7: Stepwise fatigue test to obtain the stabilization temperature and the Energy
Parameter ®.
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Figure 1.8: S-N curve as evaluated by mean of the stepwise fatigue test.

Several studies have been performed on different materials and applications by many

researchers, validating the Thermographic Method [10,19,47-58].

The Thermographic Method, proposed by Risitano and coworkers, is a rapid test procedure
able to derive, in a very short amount of time and with a limited number of specimens, the fatigue

properties of the material evaluating its temperature evolution.

1.4. Energy based approach

The temperature measurement, if no precautions are taken into account, may be affected by the
boundary conditions; for example, room temperature, reflecting sources and heat exchange with
the grip section of the testing machine. Based on the classical continuum mechanics, some
researchers [59,60], developed energy based approaches to overcome the previously mentioned

problem.

The energy balance equation (first principle of thermodynamics) has been reported in terms of
power per unit volume, introducing the Helmotz free energy as a thermodynamics potential

[60,61]:

oT /WZT—aW oE,
PCae ot ot

(1.9)
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The power quantities of equation (1.9) are averaged over one cycle of fatigue loading,

according to [62]. The term W represent the plastic energy, E; the stored energy, T is the material

temperature, A the thermal conductivity of the material and p the material density and c the

specific heat.

As previously stated in section 1.2, only a

part of the total energy spent in the material,

introduced by fatigue loading, is stored into the material as internal energy and leading to fatigue

failure. A very large amount is dissipated into

specimen temperature.

the form of heat, leading to an increase of the

In equation (1.9), the contribution of the thermoelastic effect has been neglected, due it

reversibility that not lead to an energy dissipation. In addition, the dependence of the material

from the temperature variation has been also neglected.

It is possible to define the internal energy rate as stated by Roussellier [63]:

oy _ oT  0E
ot P ac T oe

(1.10)

If the average heat rate per cycle is defined as:

It is possible to write equation (1.9) as:

aU_aVT/Jra()
ot dt ot

(1.11)

(1.12)

The previous equation represents an energy balance where the mechanical energy W and the

dissipated heat energy Q, taken as average value over a cycle, are involved (Figure 1.9).

15
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Figure 1.9: Energy balance for a material undergoing fatigue loading.

Equation (1.9), since all the quantities are averaged over a cycle, represent the average
evolution of the temperature per cycle. According to this equation, the temperature can be related
to the thermal energy dissipated in an elementary volume of material, but the temperature is
severally affected by the experimental (thermal and mechanical) boundary conditions (specimen
geometry, room temperature and test frequency). On the other hand, the energetic quantities W

and Q are independent of the thermal and mechanical boundary conditions [59,64—66].

According to Meneghetti [67], during a fatigue test, when the temperature stabilizes, its thermal
average derivate becomes null, hence equation (1.12), considering the relation between the

internal energy rate and the stored energy (equation (1.10)), becomes:

0F, oW 00

_Iaw dq 1.13
ot~ ot T at (1.13)

If during a fatigue test the external work is removed suddenly (W= 0) at a time t, then the

internal stored energy become zero, hence equation (1.13) can be rewritten as:

90 T
9@ _ T 1.14
ot Pot (1.19)
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Where the energy heat rate Q dissipated to the surrounding ambient is continuous in terms of

time. It is possible to assess the thermal energy release in a unit of volume per cycle. It can be
estimated in an easy way taking into account the test frequency f:

20 caT
Q=E_p att>t*
f f

(1.15)

By means of equation (1.15) it is possible to perform measurements of the specific heat loss at

any point over the specimen surface (e.g. notched region [68]), during a fatigue test simply

stopping the test after that the stabilization temperature has been reached (Figure 1.10).

T*

t* t

Figure 1.10: Determination of Q by measuring the experimental thermal cooling gradient.
From [67]

Compared to the Thermographic Method, where it is possible to perform temperature

measurement at a coarse sample rate, even in the order of 1 image per minute for HCF regimes;

the evaluation of the temperature cooling curve requires a very high frame rate to perform a good
estimation of the cooling gradient.

A comparison of the experimental thermal methods on stainless steel specimen has been
reported in the work of Ricotta et al. [69].
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2. ENERGETIC RELEASE IN STATIC TENSILE TEST

In the present chapter, the energetic release of a specimen under static tensile test condition is
presented. From 1985, thanks to the development of thermocouples and infrared thermography,
it has been possible to evaluate the temperature trend of specimen during monotonic tensile test.
Nowadays the analysis of the energetic release in static test condition can provide useful

information also on the fatigue behavior of the material.

In section 2.1 and 2.2, are presented the constitutive relation between the thermal field and the
stress-strain field. Such relations are derived for isotropic and orthotropic material, considering
that this two material models are the most adopted in practical application (isotropic model for
metal and plastic material, orthotropic for many composite material). The fundamental relation
that link the stress field to the thermal field under elastic condition, as observed by Lord Kelvin

[70] in 1853, is presented. This relation describes the thermoelastic effect.

In section 2.3 are presented the early studies on the energetic release of metallic and composites
specimens. Caglioti suggested to adopt the temperature analysis as a useful aid to assess some
material properties difficult to evaluate only by means of the stress and strain fields. Melvin, for
the first time, correlated the energetic release under static tensile test to the internal
microstructure of the material. The presence of internal micro defect, hence the rise of micro
plasticization phenomena, severally affect the temperature trend, showing a deviation from the

linearity of the thermoelastic effect, as the applied stress increases.

In section 2.4, the Static Thermographic Method is presented. Moving to the previous studies,
Risitano and Risitano defined the end of the thermoelastic effect as the limit stress of the material,
where the first micro plasticization arises within the material. They linked this stress value to the
conventional fatigue limit of the material. In the same section, two model to predict the
temperature trend are presented. The first model requires an experimental calibration and it is

able to predict with good agreement the experimental temperature trend of metallic material. The
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second model is proposed by the author, and is suitable to be adopted with finite element

simulation, as is done in further chapters of Part II of this thesis.

2.1. Stress-Strain-temperature constitutive relationship

Prior to describe the fundamental aspect of the Static Thermographic Method, it is necessary
to provide an inside on the constitutive relationship between the stress-strain field and thermal
field within the material. In the most general form of constitutive relations, proposed by Duhamel

and Neuman [71,72], the effect of thermal and hygroscopic strains is taken into account:

{o} = [Cl{e} — [BI(T — Top) — [$](M — M) 2.1

Where [C] represent the fourth-order elastic isothermal stiffness tensor with 21 independent
components, [B] is the second-order thermal expansion tensor, Ty is the reference temperature
and My is the reference humidity. The humidity effect in thermoelastic analysis could be

neglected for sake of simplicity, hence the equation (2.1) could be formulated as [71]:

{o} = [C]({e} — {a}AT) (2.2)

(6] = [Cl{a} (2.3)

The term {a} is the second-order coefficient of thermal expansion tensor. Under the hypothesis
of homogeneous isotropic bodies, equation (2.2) can be reformulated adopting the Lame constant

[71], here reported in expanded form:

0-11 = (2# + 1)811 + ASZZ + /‘1833 - )/AT (2.4)

0-22 = 1811 + (2# + 1)822 + /1833 - )/AT

0-33 = 1811 + 1822 + (2# + /‘1)833 - )/AT
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O12 = 2UEq;
Oy3 = 2[Uéy3
031 = 2U€3

Or in a condensed form:

Ojj = Zl,lgij + (Aekk - )/AT)(SU (25)

Where 8 the Kronecker’s symbols (1 if i=j; 0 if i#j). The following expressions are adopted

for the Lame constants, where a is the linear thermal expansion coefficient for isotropic material:

_ E 1= vE 26
S TCEIk T @+v)(A-2v) (2.6)
B _ u@Ba+2p) B A B _ Ea
G=u, E= A+u V_Z(/1+u)' )/—(3/1+2,u)a—1_2v

2.1.1. First stress invariant and first strain invariant

Considering equations (2.4) or (2.5) it is possible to obtain a relation between the first stress
invariant (sum of the hydrostatic pressure or sum of the principal stress) and the first strain
invariant. By summing the first three terms of equation (2.4), it is possible to obtain the following

expression for the first stress invariant:

AI]_’O- = (2# + 31)(811 + 822 + 833) - gyAT = (Z,LL + 3/1)A11'£ - SVAT (2.7)

From the previous equation it is possible to retrieve the first strain invariant as:
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a
Al = Ao+ 3yAT = Al + 3yAT (2.8)

(Qu+324)

Where the relation between the Lamé constant y and o of equation (2.6) has been considered.
The same expression can be formulated considering the elastic modulus and the Poisson ratio of

the material;

.
Al = —%— Al g + 3aAT (2.9)

2.1.2. Plane stress condition

Under the hypothesis of a plane stress field, equations (2.5) can be written in an easier form,
given the fact that 633= 023= 031= 0. By substituting equation (2.6) into o1; stress of equation

(2.4) the following expression is obtained:

E
o = T A=y [~ Veu T (e + &) = (1+v)adT] (2.10)

From the expression of 633 of equation (2.9), imposing the equality to 0, the expression of €33

as a function of €11 and &2 could be obtained and then it can be substituted to equation (2.10).

1+v v (2.11)
£33 = EQAT BB _v(€11 + €22)

(2.12)

011 = —— (&1 tveyy) —
11 1_1/2(11 22) 1—

Adopting the same procedure, an equivalent expression for 633 and for the in-plane shear stress
can be obtained. The stress-strain-temperature relation in the case of a plane stress field can be

expressed as follows:

21



PART I - Chapter 2 Energetic release in static tensile test

E (2.13)
011 = m(ell + V(c:zz) - 1 — V(XAT
E
070 = m(é‘zz + Vgll) - 1 — vaAT
E
O12 = 1—+v€12

2.2. Thermodynamics of the elastic continuum

The general expression of the thermoelastic law in the more general case of an anisotropic
material was developed by Potter and Graves [73]. They developed a formulation were the
temperature variation of a solid material were bind to its deformation field under adiabatic
conditions. The first principle of thermodynamics can be expressed in the following form,

linking the internal energy of the system u with the work applied w and the heat provided to it
q.

du = éw + 6q (2.14)

The internal energy differential is expressed as an exact differential, with letter d, because it is
a state variable (i.e. independent on the transformation path followed by the system), while the
applied work and heat differential are expressed with inexact differential symbol 6, because they
are dependent on the transformation path followed by the system to move from one state to
another. The elementary work needed to deform a material volume unit, considering the stress

and strain tensors is:

ow = {o}7{de} (2.15)

Substituting equation (2.15) into (2.14), the first principle of thermodynamics could be

expressed as:
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du = {a}"{de} + 6q (2.16)

Under the hypothesis of reversible transformation, the second principle of thermodynamics

states that:
6q’ (2.17)

Where T is the absolute temperature, S the mass entropy of the system and q’ the provided heat
per mass unit. Combining equations (2.16) and (2.17), and introducing the density of the material

p in order to refer equation (2.17) to the volume unit, equation (2.18) is obtained:

du = {a}"{de} + pTdS (2.18)

The Helmotz’s free energy is another state variable expressed as:

H=u-—pTS (2.19)

The total differential expression of this state variable can be developed taking into account the

conservation of the mass and imposing a constant density:

dH = du — pTdS — pSdT (2.20)

Substituting (2.18) into (2.20) the following expression is obtained:

dH = {o}"{de} — pSAT (2.21)

Considering the constitutive law of the material, in this case a perfectly solid linear elastic

material, the link between the stress tensor, strain tensor and temperature can be expressed as:
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{0} = [C]({e} — {a}AT) (2.22)

In this expression, only two within the variables {c}, {¢} and T are independent, hence the
state of the material could be identified adopting, for example {€} and T. Given the fact that the
Helmotz’s free energy is a state variable, it depends only by the strain tensor and temperature;

hence it can be derived respect this two independent variables:

oH ) (2.23)

dH = {@}T die} + a—l;dT

Comparing equations (2.21) and (2.23), the following expression for the partial derivate of the

Helmotz’s free energy can be obtained:

aH" OH (2.24)
{@} = {o}7; T —pS

Entropy is also a state variable, hence it depends from the strain tensor and temperature. Its

differential can be expressed as:

}T d{e} + 95 it (2:29)
ST

aS

as = {55

Taking into account the previous equation,

a2 )" 92H (2.26)
a{e}ar} ale} + gz ar

pdSz{

The next step is to delete di entropy and Helmotz’s free energy from the previous equation;

hence it is useful to derive to respect the temperature the first expression of equation (2.24).
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9°H )" o{a)T (2.27)
{a{s}aT} ~ a7

This expression, together with equation (2.17), can be substitute into (2.27):

5q¢  8{c)T 92H (2.28)

P = " or

It is possible to obtain a useful expression of the second derivative of the Helmotz’s free energy
in equation (2.28), by substituting in the same equation the differential operator d with the partial

derivative operator:
p(8q"\ _ 0fa}" (o{e} 62H<6T) (2.29)
T\ oT E_ oT \ 9T ), 0T?\aT/,

Bearing in mind that the partial derivate is performed under the constant deformation

hypothesis, the previous equation became:

p(6q"\ _ 0°H (2.30)
T\ aT e_ AT?

Introducing the heat mass capacity related to constant deformation:

92H pC. (2.31)

oT?2 T

Considering the equation (2.29) and substituting the previous equation:

p(dq"\ _ d{a}" pCe (2.32)
T(ar)s__ ot M- dl
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It is possible to excise the stress tensor from equation (2.32), adopting the material constitutive

equation (2.22), derived respect the temperature under constant deformation:

0{o} o[C] o{a} (2.33)
(6—T>£ = (6_T>£ ({e} = {a3AT) — [C] <{(1} + AT <6_T>£>
If the constant deformation index is omitted:
o{a}’ alc o{a}’ 2.34
o = (e - taran G - (61 (@ +07 25 ) =

The previous equation could be introduced in equation (2.32), hence writing:

1 T
% ‘;‘; _— I({E}T _ {a}TAT)% ~[c] <{a}T +AT ag?} >l die} + 2 ; ar @
That, under adiabatic condition, given that 6q’ is null:
T
P ﬁ dT = [({g}T - {a}TAT)% ~[c] <{a}T + AT ago;} >l dfe) (236)

Assuming that the reference temperature respects which the constitutive equation has been
written is the average temperature of the sinusoidal stressed material, hence AT is the
temperature excursion caused by the cyclic deformation A{e}. The previous equation can be

rewritten as:

pc. 50 = ey - tyrany 25 ey ({a}T v ar 248 )] Ae)

(2.37)

This expression is at the base of the stress thermoelastic analysis. It is written in a general form,
taking into account the material characteristics variation with the temperature and directions, i.e.

anisotropic materials.
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2.2.1. Isotropic material

Under the hypothesis of an isotropic material, some simplifying assumptions can be made in
order to excise some terms and to obtain a simplified formulation that link directly the
thermoelastic signal with the first stress invariant. For an isotropic material the stiffness matrix
[C] has only two independent parameters (E and v) and the thermal expansion vector has only
one coefficient o, for normal deformation contribute; zero for the shear contribute. Another
simplifying hypothesis is that is possible to neglect the variation of the elastic characteristic and

of the expansion coefficient with the temperature.

{a}" = {a, a, a,0,0,0} (2.38)
alc] o{a}" 0 (2.39)
T oT

Under these assumption, equation (2.37), became:

ngg = —{a}T[C]A{e} (2.40)

Developing the second member of the previous equation:

AT E '
ple =-a 1+v)(1-2v) {1+v), @ +v), @+ Afe} 24D

. . s 2.42)
P =~ gy (Bewe + 85,y + 85,,) = —a =55 b,

Instead of the first deformation invariant, it is convenient to rewrite the equation (2.42)

adopting the first stress invariant (equation (2.9)):

E (2.43)
AT
1-—2v

AT 5
pCST = —aAl; ; — 3a
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That can be rearranged as:

3a¢’T E AT (2.44)
p CE T

p 1 — 2]/ e _(XAII,O'

This equation is formally similar to the previous one and more useful from a practical point of
view, given that a link between the specific heat at constant deformation and constant stress exist.
It is well known that in solid materials, as well as in liquid ones, it is difficult to estimate the
specific heat at constant deformation due to the high stress field that rise when the deformations
are locked [74]. Despite this, a relation between the two specific heat exist, evaluated on the
basis of the heat amount provided to the solid and the temperature variation at zero stress. Under

these hypotheses it is possible to write [75]:
6q = pC,dT 6q' = C,dT (2.45)

Inserting equation (2.45) in equation (2.35), taking into account all the simplifying hypotheses

adopted here, the following equation can be write:

dT E pC, (2.46)
pC(,T = amAILE + TdT

Under the hypothesis of constant stress, it is possible to insert the first strain invariant. The

following expression that link the specific heat at constant deformation with constant stress:

c_3%T _E . (2.47)
T p 1-2v ¢

This relation allow to rewrite equation (2.44) as:

AT
pC"T = —all,; = —a - (Aoy + Aoy, + Ao, = —a - A(oy + 0, + 03) (2.48)
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The previous equation states that the local temperature variation is directly proportional to the
first stress invariant variation of the local stress state, i.e. the variation of the hydrostatic stress
component or the sum of the principal stresses. For an elastic homogeneous isotropic solid,
neglecting the variation of the mechanical and thermal material properties with the temperature,

it is possible to write:

a
AT = ——— TAL; = —K,,T Al 4 (2.49)
pCs

The K constant in equation (2.49) is the thermoelastic constant of the material. Some materials
present negative values of the thermoelastic constant (rubber, carbon fiber, some plastic
material), but in general it is positive. The typical value for this constant for steel alloys is about
3.3x10'2 Pa’!, while for aluminum alloys 9.5x107'? Pa!. This constant can be assumed constant
only if the variation with temperature of the thermal expansion coefficient, the density and the

specific heat can be neglected.

The thermoelastic effect is due to the interconnection between the mechanical work made on
the material in the elastic field and the variation of its thermodynamics characteristics, i.e. stress-
strain vs. entropy and temperature. Under an isentropic (reversible) process, the variation of the
internal energy of the deformed body is due only to the mechanical work done, as stated by the
first and second thermodynamics principles. For an elastic homogeneous isotropic material

under uniaxial stress, equation (2.49) simplify in:

<6T) kT
3015_ m (2.50)

According to this equation, a traction stress in elastic regime lead to a temperature decrement,
while a compression increases it. As a general rule, a crystalline material tends to cool itself
when undergoes to traction condition; however, if the load velocity is extremely slow, the
material absorb heat from the surrounding environment and its temperature remain constant, i.e.

the process is isotherm.
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2.2.2. Orthotropic material

For an anisotropic material with orthotropic properties, the thermal expansion coefficient

vector and the stiffness matrix of the material assume the form of equation (2.51).

(% [Ciiii Cujj  Ciikk 0 0 0 (Sii\ (aii\
| % | Cijj  Cjjjj  Cirxe O 0 0 /l il || \

Okk } _ Ckkii Ckkjj Ckkkk 0 0 0 | { Exk } { Apk } |
{ o-ij B 0 0 0 CUU 0 0 | El] ai} AT | (251)
By e

9k [ 0 0 0 0 0 Cijul Ejk Ay

In order to define the stiffness matrix, nine independent parameters are required: the three
normal elastic modulus, the three tangential elastic modulus and the three Poisson coefficient. If
the reference system is not the same of the orthotropic axes, all the terms of the stiffness matrix

and of the thermal expansion coefficient are different from zero.

For a thin lamina of material, the stress state can be assumed as planar, where three of the six
independent are equal to zero (e.g. Gii, Gjj, Gij). As regards the deformations, € and gjx are null,

while & 1s equal to:

Crrii€ii + Crrjj€jj

ok = — (2.52)

Ckkkk

In an arbitrary reference system, the thermoelastic equation (2.37) for an anisotropic material,

hence also for orthotropic material, under plane stress state is:

AT
pC(,T = —(0xx Ay + @y ATy, + ey ATy,,) (2.53)

And, if the principal stress reference system is taken into account, which directions in general
do not coincide with the principal directions of the deformations and material orthotropic

principal directions, the thermoelastic equation (2.48) simplifies in:
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AT
PCUT = —(01140; + ay,A03) (2.54)

Where in the principal reference system the following expression are valid:

07 a1
{o} = {02} {a} = {“22} (2.55)

0 a1z

Equation (2.54) does not allow an easy assessment of the temperature value due to the fact that
the principal stress direction varies locally and are unknown a priori; in addition, it is not possible
to assign the thermal expansion coefficient values in these directions. On the other hand, if the
reference orthotropic reference system is taken into account, the stress and thermal expansion

coefficient became:
Oii Qi
{o} = {Ujj} {a} = {ajj} (2.56)

That are known, given that the thermal expansion coefficient are defined along the orthotropic

directions. The thermoelastic equation (2.48) became:

T
AT = ——— (aiiAGii + a]]AO'”) (257)
pCs

Considering the temperature variation, it is possible to write in analogy to the isotropic solid

equation (2.57) as:

_ _ % _%j
AT = =K, T(Aoy; + anloj;) Ky =— ay, =2 (2.58)
pCs i

Compared to the coefficient all and 022 in equation (2.54), the coefficient ii and jj or the Km
constant and am ratio, can be univocally determined knowing the principal directions respect to

which estimate the thermal expansion coefficient.
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2.3. Thermal behavior under static tensile test

2.3.1. Early study of the change in the temperature trend during tensile
test

In a work of 1982, Caglioti [76] studied the behavior of a material that undergoes to elastic
deformation towards the “thermoelastic instability”. According to Caglioti, any mechanical
transformation can be considered as an irreversible thermodynamics transformation, hence all
the state variables (e.g. strain, stress and temperature) and the coupling between them must be
taken into account for a clear understanding of the mechanical transformation. The consideration
of the thermal behavior during mechanical tests, in particular during fatigue tests, has been taken
into account recently. Assuming that entropy change measures the quality of a system
transformation, when a deformation is applied to a material, it promotes two different entropy
changes: a thermal entropy change and a configurational entropy change. They are of the same
importance and must compensate each other during an ideally adiabatic and isentropic
transformation. For example, the reason for thermoelastic cooling of metallic specimen under
adiabatic tension [70]. As the applied deformation increases, the adiabatic cooling of the
specimen proceeds up to a state where the deformation field promotes a positive change in the

temperature field.

Caglioti proposed to adopt the whole thermoelastic region, thanks to the coupling between the
thermal and mechanical transformation, as a very fine probe of the state of the material. The
thermoelastic behavior can be adopted for an accurate determination of several thermal and
mechanical properties of the materials itself and to predict eventually change in its mechanical

behavior.

One of the main reason why the thermoelastic behavior has been neglected is due to the small
temperature variation during an adiabatic elastic transformation. For example, the order of
magnitude of the temperature decrement for a metal under adiabatic conditions is of the order of
0.2K, a value that in practical application has been always neglected due to the difficult to assess
it. Nowadays, thanks to the development of infrared sensors, it is possible to apply the infrared

thermography in an easy way on a large set of materials, even under working conditions.

Caglioti observed that when the metallic material is elastically strained, the temperature tend
change in a remarkable way as the yielding stress is approaching Figure 2.1. This temperature

behavior might help to identify the thermoelastic limit between the elastic and the incipient
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plastic regime. In the work of Caglioti, the temperature versus stress diagram (AT-o) for a steel

sample during a monoaxial tensile test in order to determine the yielding stress of the material.
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Figure 2.1: Temperature dependence on the stress reacting to the deformation imposed to a
steel sample [76].

The yielding stress has been defined as the corresponding stress for which the temperature

tangent is horizontal and then the temperature trend experience an increment.

2.3.2. Correlation between the energetic release and the material
microstructure

Melvin et al. studied in detail the heat generated during mono axial tensile test of several types
of steel [77] and composite materials [78]. Melvin developed a model taking into account
microscopic considerations on the macroscopic thermal behavior of the material. The
microscopic approach involves the analysis of the atomic source of plastic strain, i.e.
dislocations. On the other hand, the macroscopic approach models the material as a continuum,

considering only its average properties.

Focusing on the microscopic scale, when a tensile stress is applied on a crystalline structure,
such as metals, a corresponding elastic dilation is observable. The applied external work, at
atomic level, is adopted to raise the interatomic potential of the vibrating body in thermal

equilibrium and hence increase the mean interatomic separation. In order to oppose to the
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deformation, the material, given also the fact that cannot increase the atomic population, cool
down. If the applied stress is removed, the resumes its previous average interatomic separation
without showing effect of the previous deformation. This ability is limited if the load is increased

beyond an elastic limit.

The plastic deformations begin when the elastic response of the crystal reaches its limit. This
kind of deformation is due to the slipping of the crystalline structure to release internal stress.
The consequence of this slip result in a micro frictional heating generation which is of opposite

sign respect the thermoelastic cooling.

According to the study of Brown (1968) [79], three types of deformation can operate before
the macroplastic behavior: elastic (linear or nonlinear); inelastic and microplastic. In the first
stage, the elastic one, no energy dissipation is present during a load-unload cycle. In the second
stage, some plastic strain, but recoverable, are present with some energy dissipation during a
loading-unloading cycle, due to the movement of the dislocation that return in their original

configuration. In the last stage, energy dissipation is present with irreversible dislocation motion.

At a microscopic scale, dislocation contains kinks which tends to move from a minimum
energetic level to another. The application of a low stress allows the movement and hence the
minimization of the energy level. Microplasticity has been observed at stresses lower than the
macroscopic yielding stress in becc metals and fcc alloys [80]. The yielding first occurs in isolated
grains but, as the load increases, thanks to the stress concentration generated in neighbors’
crystals, it spread from one grain to another and lead to macroscopic breakdown. The yielding,
as observed by Caglioti, is associated with a sudden increase in the temperature trend of the

specimen, compensating the thermoelastic cooling of the specimen.

Melvin developed a mathematical model applying the thermodynamics theory, evaluating the

entropy of the phenomena as the sum of the thermodynamics forces and the fluxes:

aT T, do
2T = %1 — —_ 2.59
5t xV4T y 5 (1-2v) 7t ( )

Where y is the thermal diffusivity of the material and y the Gruneisen parameter, expression of

the anharmonicity of the interatomic potential [76].
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In the case of mono axial static tensile stress for homogeneous material and under the adiabatic

hypothesis, i.e. laplacian term equal to zero, equation (2.59) can be solved becoming:

4 2 vf[1-em | z
T(z,t) =T, — FyToe(l —2v) = Z ——— - sin (mr Z) nodd (2.60)
n=1

Valid for a cylindrical sample with a constant stress rate (stress/time), not fast enough to
neglect the viscous effect. The terms tq4 is the time constant or characteristic heat diffusion time,

evaluated as:

- (2.61)

L is the length of the reduced area of the specimen.

If during a tensile test performed at constant strain rate, the time to reach the thermo elasto-
plastic limit is much lower than the characteristic heat diffusion time tq4, the test can be

considered as performed under adiabatic conditions.

Beyond the elastic limit, additional terms should be adopted in order to model the dissipative
phenomena represented by inelastic and plastic deformation. Beghi et al. [81] defined a function

for the entropy generation due to plasticity in the form of dissipated mechanical power.

O-épl
o1 = f 22 (2.62)

The empirical coefficient f is the fraction of the plastic power immediately dissipated and it

depends of the stress history of the body.

Adding the effect of equation (2.66) into equation (2.59), always under adiabatic assumption,

the following equation can be derived:
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aT T,
— = —yfo(l —2v)

do o dgpl
ot dt

T (2.63)

The coefficient f is strictly dependent of the stress, strain and temperature condition. For sake
of simplicity it can be assumed equal to one, as no energy is stored by the microstructure and

hence is all dissipated. Energy storage is due to the dislocation interaction in the form of work

hardening. This process is not expected to be preponderant till the material begun to yield.

Melvin proposed a constitutive equation for the material in order to represent the deformation

range from zero up to the initiation of macroplastic flow:
o = Eé+ Mey, (2.64)

Where ¢ is the total strain and M is defined as the plastic modulus, similar to the elastic modulus

E of the material. The plastic strain rate can be assumed as equal to:

*

épt = bppm <0 (2.65)

Where pm is the mobile dislocation density, v* the dislocation velocity (i.e. the speed of sound

in the material), S is the coupling stress that acts across the glide plane and b is the Burges vector.

It is assumed that the tensile test is performed at constant total stress rate, chosen fast enough
to assure adiabatic conditions, but not so rapid as viscous effects become significant. After
substitution of equations (2.64) and (2.65) into (2.63), the integration can be performed between

to and t, with co=€o=to= 0 and Ty as the room temperature.

2

0.
AT = K, Ty, — Bﬁ (2.66)

Where B is the drag coefficient, linked to the Burges vector b (B= Mbpmv'/S). the solution of

equation (2.66) is composed by a first elastic component and a second plastic component, whose
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contribute to a positive temperature change due to microplasticity, since the drag coefficient B

is negative.

The mathematical model proposed by Melvin is difficult to apply in practical applications due
to the uncertainty in the assessment of the coefficient. In Figure 2.2 is reported the temperature
trend for an AISI 316L steel specimen with the predicted curve applying the mathematical
model, with different B values. The inversion of the temperature trend (dT/do= 0) is defined as
the Thermal Elasto-Plastic Limit (TELP). The correlation seems adequate up to the TEPL. The
earlier deviation from the theoretical trend of the experimental temperature signal may be due to
the invalidity of one or more assumptions concerning the f value, the mobile dislocation density

or the stress dependence of the dislocation velocity.

In composites materials, such as carbon/epoxy, the theoretical curve shows the deviation from
the linearity of the thermal signal from the thermoelastic phase. This can be addressed to the

arises of internal defect within the composite material (Figure 2.3).
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Figure 2.2: Temperature change versus stress for 316L tested in tension. Theoretical and
experimental temperature trend from [77)].
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Figure 2.3: Temperature change-stress response to a ensile test on carbon/epoxy with
theoretical elastic response from [78].

2.4. The Static Thermographic Method

In the last twenty years, several authors have investigated by means of infrared thermography
the surface temperature of a specimen during a static tensile test. In 2000, Chrysochoos and
Louche [82] developed a processing technique for infrared images to analyze the thermal
manifestation due to the elastoplastic evolution of the material during a static tensile test. In
2009, Plekhov and Naimark [83] examined the propagation of heat waves over the specimen
surface. Studies conducted at the University of Catania by Geraci et al. [84] involved the analysis
of the surface temperature of steel specimens during static traction tests with an infrared camera.
Observing the hottest point of the thermal frames, Geraci and coworkers detected the end of the
thermoelastic effect and the beginning of the thermoplastic one, regardless of the applied stress
rate. Taking place from the previous study of Chrysochoos and Geraci, Risitano et al. [85] in
2010 analyzed the energy dissipation during a static traction test of a specimen to better identify
the end of the thermoelastic phase, due to its deviation from the linearity of the temperature
versus stress signal. In the same year, Clienti et al. [86] performed a series of experiments on
plain and notched polyvinyl chloride (PVC) specimens in order to identify the end of the
thermoelastic phase and assess the thermal behavior, hence the plasticity evolution, as a function
of the distance from the notch. The obtained results in terms of “limit stress”, i.e. the stress level

at which the deviation from the linearity of the thermoelastic trend is noticed, were compared to
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the results in terms of fatigue limit on the same specimens, retrieved using the Thermographic

Method (section 1.3).

In 2013, Risitano and Risitano [3] on the basis of the previous work, proposed the Static
Thermographic Method (STM) as a rapid test procedure to the derive the fatigue limit of the

material by monitoring the superficial temperature during a simple static traction test.

The proposed procedure starts from the assumption according to which fatigue failures occurs
at points where the local stress condition is amplified by structural micro defects within the
material. These local stress fields are able to produce plastic deformation in the material
structure. The internal defects act as stress raisers compared to the average nominal stress at
which the specimen is loaded. If the same average stress is applied under fatigue test conditions,
the specimen will fail. According to Risitano and Risitano, the fatigue limit can be defined as
“the average value of the stress at which, at some point of the material stress-strain curve, local
and irreversible plastic conditions are achieved”. This may be addressed to the possible start
from local slip surface that under cyclic stress spread into fatigue cracks. A static tensile test can
be thought as the first positive half cycle of a tension-compression fatigue test. During the static
tensile part, a deviation from the linearity is due to the rise of heat generation sources as a

consequence of irreversible micro plastic deformations.

As observed by Melvin, the micro plasticization process is represented by several phases
(Figure 2.4). The first phase, where the average stress is enough low and all the crystals are
stressed into the elastic field (segment OA). In the second phase the majority of the crystal are
elastically stressed, but a fraction of it is plastically deformed (segment AB). As the stress level

increases, in the third phase, all the crystals are plastically deformed (segment BU).
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Figure 2.4: Temperature trend during a static tensile test.

The thermal behavior can be also distinguished in three phases linked to the previous crystal
states. In the first phase (Phase I), where all the crystals are elastically stressed, the temperature
trend follows the linear thermoelastic law; in the second phase (Phase II), where some crystals
are plastically deformed, a deviation from the linearity is noticed. Finally, in the third phase

(Phase I11), all the crystals contribute to the rise in temperature till the failure of the specimen.

As seen in section 2.2.1, under adiabatic test conditions for an isotropic material, neglecting

the plastic contribution of equation (2.66), it is possible to write the expression already seen in

equation (2.49):
a
AT = ——— - Tyopy = =Ky Ty 0 (2.67)
pCoy

During the perfect thermoelastic phase, the temperature detected on the specimen surface
temperature exhibits a linear decrease as the load increases. If a plasticization condition is
reached locally, near a defect zone of infinitesimal volume dV, under an average stress o, (lower
than the yielding stress), equation (2.67) is no longer valid and the plastic deformation is the
reason of the infinitesimal heat generation dQ, that lead to a deviation from the linear trend.

Therefore, while a portion V-dV,, of the material volume has an elastic trend, obeying to equation
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(2.67), the fraction dV adds heat. The dissipated heat is equal, under perfect plastic conditions,

to:

dQ, = Bao,de, (2.68)

The terms f is the Taylor-Quinney coefficient, i.e. the percentage of plastic deformation energy
dissipated into heat. The heat amount generated strictly depends on the local deformation law,
the increase in deformation time and the distribution of the plasticization process within the
volume V over the duration of the plastic behavior phase. If the average stress o is applied to
the specimen in a tension-compression fatigue test (stress ratio R=-1), the change of the internal
structure may become persistent, even if the macroscopic deformation belongs to phase I1. The
specimen will fail before the defined run-out number of cycles. On the other hand, the specimen

never breaks for an applied stress lower than o,.

The novelty of the proposed method consists on a rapid procedure, even faster than the other
fatigue energy based methods, in order to estimate the fatigue limit of the material. The
individuation of the first local plasticization, followed by heat release during a static traction test,
can be defined as the “limit stress” oiim, transition stress from Phase I to Phase II. It is the stress
at which the released heat modifies the linear temperature trend during a monoaxial static tensile
test. The value of the limit stress can be adopted as an estimation of the fatigue limit of the

material.

2.4.1.Simplified model of surface temperature of a static tensile test

In their work, Risitano and Risitano [3] proposed a simplified model to predict the temperature
trend during a static tensile test of metallic specimens. It is assumed that the test is performed
with a constant load value and a test speed v. (in N/s) and some assumptions are adopted. The
internal transmission heat into the material volume is very high compared with the overall test
duration; in addition, given the small specimen thickness, the heat developed within the volume
is immediately displayed on the specimen lateral surface. The crystal spent a very rapid amount
oftime to plasticize compared to the test time. At the end, the density p of the material is constant

during the test and the radiation heat can be neglected.
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The energetic balance equation over a duration dt from to for the specimen thermodynamic
system, following the first principle of thermodynamics, and a volume V= V+dV,, can be

written as:
Vepc.dT, + Booe,dVy, + kcS,dT = VpicsdT (2.69)

The first term is the energy stored in the elastic volume; the second term is the energy due to
plastic deformations; the third term is the convective heat exchanged with the surrounding
environment and, lastly, the fourth tem is the variation of internal energy of the specimen. given
the small temperature variation, it is possible to assume that the density of the material, prior of
the deformation and after, is equal (p=p1) and the specific heat at constant strain and constant

stress are equal (cc=cs). It is possible to integrate equation (2.69):

|4
j(Vch + kcﬁ) dT = —fVepchmTaEde+j,Baospde (2.70)

It is possible to define the time dependence of the following parameters, as determined by the

experimental behavior during the metal complete plastic phase:

E=¢g +t-— (2.71)
to
Al t
&y = l—p =, ll (2.72)
0 0

(2.73)

Where o; is the fracture stress and t; is the time duration where the specimen exhibits
thermoplastic behavior during the test. According to the fracture mechanics theory, it can be
assumed that the plasticization volumes varies with a quadratic law respect the time, hence it is

possible to write:
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v
=t (2.74)
T
v
=vV-tts (2.75)
T

t
pmaoge, (+—
t
T = —KmTao-rt_ + pe ( T) + 3 L (276)
r €

After a calibration test, it is possible to apply this temperature model. In Figure 2.5, it is
reported the temperature evolution during a static traction test of a notched Fe360 specimen. As
it is possible to note, the theoretical temperature trend evaluated adopting equation (2.76) is able
to predict in a good way the experimental temperature.

Experimental ——Theoretical Load

1,2 60

20

AT [°C]

2400

Load [kN]

test time [s]

Figure 2.5: Observed experimental and theoretical temperature evolution for a point of the
specimen near the hole during the monoaxial static traction test from [3].
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2.4.2. Numerical model for predicting the temperature trend from FE
analysis

Several authors have investigated2 the temperature evolution of the material during fatigue
loading conditions [87,88], but no studies regarding the modelling of the temperature evolution

during a static tensile test have been conducted.

In this section, the author proposed a simplified temperature model for engineering materials
under static tensile condition. It is based on the fundamental assumption that fatigue failures
occur within the material where the local stress distribution, amplified by structural or superficial
micro defects, is capable of producing local micro plastic deformation [3]. The local stress state
can be linked to a macroscopic nominal stress value (load/area) that introduce in the material the

first micro plasticization.

The relationship between the applied stress, or strain, and the corresponding temperature
change in solid material consist of two contributions due to a thermoelastic and a thermoplastic

effect [88]:
AT = AT, + AT, (2.77)

The thermoelastic effect is a well know phenomenon (section 2.2.1) adopted in stress analysis
to evaluate the distribution of the first invariant stress tensor, i.e. the sum of the principal stresses
[89,90]. Under adiabatic conditions and for a linear isotropic homogeneous material, the
variation of the material temperature, follows the Lord Kelvin’s law (equation (2.49)), that here

is reported for simplicity:

a
AT = ——— TAlL s = =K, T - Al 4 (2.78)
pCoy

Where Ky, is the thermoelastic coefficient.

After the material locally reaches a stress condition beyond its yielding stress, the irreversible
plastic deformations lead to an increase in temperature. From the first principle of
thermodynamics (energy conservation), the rise in internal energy could be addressed to the heat

generated by plastic deformation:
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The generated heat due to plastic deformation can be linked to the mechanical energy by means
of the Taylor-Quinney coefficient, defined as the percentage of plastic deformation energy
dissipated into heat (Q= BW,). Despite this coefficient varies in different metallic materials [91],
for sake of simplicity it can be assumed constant and equal to 0.9. the irreversible mechanical

energy per unit volume per one loading cycle is given by:

1 1
Wp = Ej Qdt = Ef O'pdé'p (2.80)

Under these hypothesis, the temperature increment due to plastic deformation for a cyclic

loading condition can be estimated as [88]:

1 &2 &2
AT, = —(f ode — f aude> (2.81)
pcp &1 &1

Where €1 and & are the minimum and maximum strain of the hysteresis loop, o1 and oy the
stresses, respectively, at loading and unloading part of the hysteresis loop. Considering a static
tensile test as a positive part of a fully reversed fatigue test performed at very low frequency, it

is possible to take into consideration only the loading part of equation (2.81), obtaining:

1 €2 ’/g €2
AT, = —f Qdt = —f o,de (2.82)
P pcp &1 pcp &1 P

In the elastic phase the temperature experiences a linear decrease due to the thermoelastic effect.
If a plasticity condition is reached locally in some internal defect point of the material, equation

(2.78) is no longer valid and a heat amount leads to a deviation from the linear trend.

The present model is suitable to be adopted in finite element simulations where the material
curve is defined considering some plasticity criteria (e.g. isotropic hardening, kinematic

hardening, etc.). In fact, from a non-linear structural finite element simulation it is possible to
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derive for each node, in an easy way, the first stress invariant, as the sum of the three principal
stresses, and the plastic work per volume unit, a quantity directly evaluated by a large part of FE
software. By knowing the thermomechanical properties of the material, such as linear expansion
coefficient a, density p and specific heat c, it is possible to evaluate the temperature decrement
due to the thermoelastic effect adopting equation (2.78). The temperature rise due to the plastic
phenomena can be estimated multiplying the plastic work per unit volume for the Taylor-

Quinney coefficient, adopting equation (2.82).

Further development of this model can be its implementation on custom FE elements for
coupled thermo-structural analysis. Actually, as the author is aware, FE software, such Ansys,
show the possibility to perform coupled thermo-structural analysis adopting a special class of
elements (SOLID226, SOLID227, etc.), but the coupling is directed only from the thermal field
to the structural one, not vice versa. It means that the FE elements are able to model the plastic

phase, but they are unable to properly model the thermoelastic effect.

Despite all, the model has been applied by the author to model the temperature trend of several

experimental tests adopting non-linear finite element simulations.
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3. LOCAL APPROACHES

In this chapter, the theoretical background of several local approaches is presented: Notch
Stress Intensity Factor (NSIF), average Strain Energy Density (SED) and Peak Stress Method
(PSM).

Dealing with mechanical notched components, several fatigue tests have to be performed in
order to obtain the S-N curve. This huge amount of tests is due to the large differences in the
geometrical configuration and the loading mode. For example, in welded joints, for the same
configuration (cruciform of T), the plate dimensions can vary in a very large range. On the other
hand, the fatigue life of such components is severally affected by the local configuration of the
notched regions. It is possible to say that fatigue life is a local problem, regardless the whole

geometrical configuration and loading mode.

Moving from this assumption, several “local approaches” have been historically developed to
overcame the previously mentioned problems and to obtain a synthesis of the fatigue data of a
large amount of mechanical components, especially welded components. They are useful
approaches in order to obtain only one S-N curve with scatter band to properly design such

components.

In section 3.1, the NSIF approach is illustrated. Moving from the concept of the fracture
mechanics for cracks, the NSIFs represent an extension of such concept to generally V-notched
component with notch opening angle 20> 0°. The stress field around the notch tip is analyzed in

terms of its singularities under mode I and mode II loading conditions.

In section 3.2, the averaged SED method is proposed. This local approach is based on the
estimation of the strain energy density over a control volume. The obtained finite value,
nevertheless the stress field is singular, is compared to a critical value to determine the failure of
the component. The SED approach can be used to determine the fatigue life of notched

component by performing a linear elastic finite element simulation and comparing it to the SED

47



PART I - Chapter 3 Local Approaches

based S-N curve. This approach overcomes the difficulties of the NSIF approach, but requires

the modelling of the control volume.

In section 3.3, the Peak Stress Method is presented. This approach is able to obtain the NSIF
in a rapid way, evaluating the elastic peak stress at notch tip node thanks to a calibration
procedure of the finite element software, finite element type and mesh configuration. The PSM
approach, moving from the SED definition, can be adopted to synthetize the fatigue data of
notched components in a short amount of type, overcoming the difficulties encountered in the
NSIF approach and also in the SED approach, avoiding the modelling of the control volume.

However, it requires a preliminary calibration of the model.

3.1. Linear Elastic Fracture Mechanics for sharp V-Notches

Assuming a mechanical component with the presence of a sharp V-notch (Figure 3.1), it is
possible to extended the concepts of the linear elastic fracture mechanics (LEFM) to such a
component. V-notches are considered as sharp when the notch fillet radius is equal to zero (p=
0). Under fatigue loadings, even notches with non-zero fillet radius behaves like the sharp case
if p< 4 ap (e.g. for a structural steel ap= 0.1 mm, hence p< 0.4 mm). these evidences are reported

in the work of Smith and Miller (1978) [92].

Mode 11

Figure 3.1: Polar reference system for V-notch and Mode I and II loading.

Under plane stress condition is possible to define two loading mode, Mode I and Mode I1, in a

similar way as done for the crack case. We are considering a V-notch and assuming that it may
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be stressed in mode I and/or mode II; the notch is sharp (p< 4 ao) and the plastic zone at the tip
is small enough (i.e. the linear equations are valid). Under these hypotheses the stress distribution

around the tip is expressed by the following equations:

Ogg K, Ggo(6) K, oo (6)
{O—TT =1 i Orr 6) + a1 Grr ) (3.1)
T 1 ~ T 2 o
tro Tro (6) mode I Tro (0) mode II

The previous equation is expressed for a polar reference system at the notch tip and takes into
account both the contribution of mode I and mode II. The stress fields are singular for r—0 and
o—o0. The parameter 1-A; and 1-A; are the singularity grades [93]. The values of A, the Williams
eigenvalues, are functions of the opening angle as reported in Figure 3.2. The Williams

eigenvalues are solution of the following equations:

sin(1,qm) + A, sin(qm) = 0 (3.2)

sin(A,qm) + A, sin(qm) = 0 (3.3)

The parameter q is linked to the notch opening angle according to the following relation:

200 =1(2 —q) (3.4

It is possible to observe that the stress field due to the mode I is always singular, regardless the
opening angle values; on the other hand, the stress field due to the mode II is singular only if the
opening angle is lower than 102°. When 2a= 0°, the maximum singularity grade is equal to 0.5

that is the case of the LEFM.
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Figure 3.2: Williams eigenvalues vs. the notch opening angle for mode I and mode II.

The parameter K; and K> of equation (3.1) are the linear elastic Notch Stress Intensity Factor
(NSIF). Such parameters are equals to the asymptotic stress field at a distance r= 1/2n from the

notch tip. Gross and Mendelson [94] define them as:

K, =V2n rlir51+ 1 M6,0(r,0 = 0) (3.5)
K; = V2 lim ri=%21,.,(r,0 = 0) (3.6)

It is to point out that the K; expression for 2a= 0° is equal to the SIF of the LEFM Kj (crack
case). In a similar way respect K, the NSIF K; and K> express the fatigue life of the notched

component.

Considering two notched components with the same opening angle 2a, thanks to the NSIF
approach, it is not necessary to know the whole geometries of the components. In fact, if the
loading conditions generates the same NSIF range AK; (maximum K1 minus minimum K1), the
two components will have the same fatigue life. It is necessary to know only AK; and the nominal

stresses under the hypothesis that they generate locally a mode I load.

An important application of the NSIF approach is the study of the fatigue life of welded joints
with failures both from weld root or toe region. The geometric profile of the toe region of the
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welding bead can be associated to a V-notch with an opening angle of 20= 135°. The fatigue life
ofthis components is affected by the welding process and its geometries, hence it is not important
to consider the whole stresses of the joints but only the stress field near the toe or root regions.
On the other hand, the welding standard (e.g. Eurocode 3 and British Standard) evaluates the
fatigue strength of the welded joints adopting the nominal stress approach. If we consider the
fatigue strength in terms of nominal stress for a welded joint and report them respect to the
number of cycles to failure [95], the experimental data are within a very large scatter band
(Figure 3.3). In order to design this kind of joints it is necessary to adopt several S-N curves
depending on the joint geometry. The large scatter band is due the high differences between the
applied remote stress and the local stress field that arises in toe and root regions. As pointed out
by Lazzarin and Tovo [95], if we adopt the NSIF approach, it is possible to overcame such
difficulty and the experimental data are redistributed within a narrow scatter band. The fatigue
life of several geometries, but with the same notch geometry, is well synthetized by the AK;
parameter. The geometry effect and also the scale effect are already included within the AK;

parameter.

Ao [MPa] AK; [MPam(- A1)
200l - Nominal Stress approach
* ...
20 @ C e ~. Slope =321 200| Series
.. &% - : & o
. . ™ . 1
- : L =N -
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A e w0 ]
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Number of cycles to failure

Figure 3.3: S-N curves based on the nominal stress approach and NSIF approach from [95]

The main advantage of a local approach in terms of NSIF respect to a nominal one is that it is

possible to adopts only one design S-N curve with a given probability of survival, regardless the

joint geometry, but with the same notch condition.
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In addition, the NSIF approach is well suited for numerical assessment (e.g finite element
methods), of large and complex structures. It is possible to assess it by FE model adopting the
definition of equations (3.5) and (3.6). In order to estimate the NSIF value at weld toe region, it
is required a very high mesh density. Near the singularity point the element dimension must be
in the order of 10 mm to properly catch the gradient of the local stress field (Figure 3.4). it is
necessary a good expertise in the FE modelling technique, as well as in the post processing of
the data. In Chapter 11 an estimation of the AK; parameter by means of the Gross and Mendelson

definition is performed.

Figure 3.4: NSIF mesh refinement for the estimation of K;

One of the main disadvantages of the NSIF approach in terms of fatigue data summarization is
that it not allows to synthetize the fatigue data from different notch geometries. In other words,
it is not possible to compare the fatigue failures from different notch type, e.g. weld root and toe
regions. To overcome this limitation, an approach based on the estimation of the average strain

energy density value over a control volume has been proposed by Livieri and Lazzarin [5].

3.2. Strain Energy Density approach

The local Strain Energy Density (SED) approach as proposed by Lazzarin and coworkers
[5,96-98] is a validated method to investigate fracture of materials both under static and fatigue
failure. Considering a brittle material with a sharp V-notch, the fracture occurs when the local

SED W, averaged over a defined control volume, reaches a critical value W, regardless the
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notch opening angle and the loading type. For an ideal brittle material, the critical SED value

can be evaluated as:

W, =2 (3.7)

Where o is the ultimate tensile strength.

The basic idea of the SED approach is reminiscent of the Beltrami hypothesis [99] and the
concept of elementary material volume as proposed by Neuber [100]. Many researchers
investigated the brittle fracture. Considering cracked plates under mode I and mode II loading,
the basic idea is the mode I dominance, as suggested by Erdogan and Sih [101], to investigate
the fracture and predict the crack kinking angle. The crack, under this hypothesis, grows in the
direction perpendicular to the maximum tangential stress in radial direction from its tip. This
approach can be used also to investigate the case of blunt V-notches under mixed-mode loading.
In a work, Sih [102] defined the strain energy density factor S as the product of the strain energy
density by a critical distance from the notch tip. Even in this case the fracture is governed by a
critical value S¢ of the S factor. The crack propagation direction is predicted defining a minimum
condition on S. This theory includes in its treatise blunt V-notch [103] and notched component
made of ductile material [104]. Glinka and Molski [105] proposed a local-SED criterion based
on the constancy of such parameter near the notch tip. It has been applied to sharp V-notches in

plain strain condition and small yielding [98].

Under the hypothesis of linear elastic isotropic material and according to the Beltrami

formulation, the total strain energy density can be expressed as:

1
W(r,6) = 2E (0'121 + 0'222 + 0'333 — 2v(011022 + 011033 + 03,033) (3.8)

+2(1 +v)ad)

For a sharp V-notch, the stress distribution for mode I and mode II around the notch tip can be
expressed in the following way expanding the terms of equation (3.1), in terms of the Williams

eigenvalues can be expressed as:
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Ogeg 1 r11—1K1
Oy =
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—(3=2)sin(1—=2,)07 + x,(1+21,) (3.10)
(1—-2,)cos(1—4,)86

- Sin(l + /12) 7]
Sin(l + /12) 7]
cos(1+1,)6

Where K; and K are the NSIF (equation (3.5) and (3.6)), which express the intensities of the
asymptotic stress field. The parameter y1 and y, are two auxiliary parameters that depends on the

notch opening angle. They can be evaluated, recalling equations (3.2) and (3.3), as:

sin A —2)qn sin (1—-2)qr
= _sin E(l +211)q7'[; = sin E(l + 21)617'[; (.11

It is possible to adopt the superposition principle in order to obtain the stress distribution close

to the notch tip in mixed-mode I+II loading condition:

~(1) (D ~(2) ~(2

Oy O  Tro 0 Ogg Tro 0

{arr}zrl-hlq D 50 0 |+r7RK, 5D 5P o (3.12)
tro o o g&¥ o o g¥

Y4

Where the terms in the matrix can be derived from equations (3.9) and (3.10) as function of the

notch opening angle 2a and the polar coordinate 0. Equation (3.12) describes the grade of
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singularity of the stress field under mode I and II. In equation (3.8), as the stresses tends toward
infinity, also the strain energy tends towards infinity. However, the strain energy density over a
local finite volume around the notch tip has a finite value which can be considered to control

failure.

Substituting the expression (3.12) of the stresses in equation (3.8), it is possible to express the

strain energy density as:

W(r,0) =Wy (r,0) + Wy(r,0) + Wy, (r,0) (3.13)

Where the three terms of the previous equation are:

1 2 2 2
Wl(r,9)=ﬁr2<h-1>1(f (65 +a" +5%
(3.14)
1 2 2
W,(r,0) = T r22-Dg?2 (0(2) + 4 N(Z) + 62(2)
(3.15)
—ZV(Ué? ~(2) +5§§) 5@ 4 5 ~(2) (2))+2(1+V)T(2) )
1 - -
le (T', 6) — E T./11+/12—2K1K2 (0.6(;)0.6(2) (1) (2) + O.Z(Zl) ~(2)
1) ~(2 ~(1) ~(2 2) ~(1 ~(2) ~(1 ~(2) ~(1
_V(Gée) ()_|_ (ge) z(z)+0() ()+Ué9) r(r)+ (ga) Z(Z) (3.16)

~(1) (2) (1) ~(2)
+4 )+2(1+v)rr9 re)

To evaluate the average value of the strain energy density it is adopted a cylinder-shaped area of
radius Ro. This is called “control volume” and its radius, the “critical radius”, is dependent only
by the material type (Figure 3.5). The higher the brittleness, the lower the Ro value. For plane

problems, the control volume becomes a circular sector of radius Ro.
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20=0°

Fe

Figure 3.5: Control volume with critical radius for the SED approach.

If the notch under study is a crack (2a= 0°), under plain strain and plain stress conditions the

control radius can be estimated as:

14+v)(5 — 8v) (K;c\*
R, = ( X ) (£> plane strain (3.17)
4m o
(5 — 3v) /K\*
_ Ke 3.18
R, yp <0t> plane stress (3.18)

In the case of a sharp V-notch, the critical radius can be assessed as:

1

1 e,
o I,K2 201 L (ch>2 20-20) (3.19)
7 [42,(r — )EW, 24 =a) \ o

The value of A and I; depends on the notch opening angle 2a, the stress field and on the material

properties. In the case of mode I loading, the Kic equals the fracture toughness Kjc.

The elastic deformation energy within the control volume can be derived integrating the strain

energy density over the area:
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R ,+y
E, = f W-dA = f f (W, (r,0) + W, (r, 8) + Wi, (r, 8)] - rdrd8 (3.20)
A 0 Y-y

Given the fact that the integration field is symmetric compared to the notch bisector, the mixed

mode contribution W12 can be set to zero, hence:

1
Ep = Ejp + Epp = = —LK2R?M 4+ = . 22X g2p22 (3.21)

E 4/11

Where the terms 11, and 1>, are equal to:

ad
I _f (0<1>2+5<1>2+5(1)2 27 (0(1) (OEPIOPIONPIOF (1))
1y — 66 rr zz 06

Y

(3.22)

+2(1+ v)‘r(l) ) do
v <z>2 <z>2 (2)2 5D5@ 4 D@ | 5@ 5@

Y (3.23)

+2(1+ v)r(z) )d@
The area on which the integration is performed can be estimated as:
R
Ap = f f rdrdf = R3y (3.24)
0

It is possible to estimate the average elastic deformation energy on the control volume area as:

By 1 1
W=-"-=—.e K2.REM™ -

=z Zrer i RX*271) (3.25)
R

Where e; and ez are function of the notch opening angle, according to:
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e,(2a) = by (3.26)
40y
I,
e,(2a) = 0y (3.27)
2

Considering the contribution of all the three modes of loading (I, II and III), the value of the

strain energy density is given by:

2
K3

1-13
RO

=)

E

K
1-4
R, ™

€3

= (3.28)

From equation (3.28), it is evident how the SED approach allows to evaluate the NSIF a
posteriori, avoiding the creation of a fine mesh near the notch tip. Another advantage of the SED
method compared to the NSIF is that its dimensions are constant (Nmm/mm?), while for the
NSIFs they strictly depend on the notch opening angle (MPamm'™). As regard the computational
time, the SED approach is able to provide reliable solutions even with a coarse mesh of the
control volume, compared to the very fine mesh required to estimate the NSIFs. This is due to
its direct dependence from the stiffness matrix and of the nodal displacement. Compared to other
approaches, the SED method allows also the possibility to include three dimensional effect and

out of plane singularities that are not evaluable by the Williams theory.

As regard this effect, the torsional loading conditions lead to the an out of plane singularity with
mode III. Studies have shown how the material behavior is different compared to the other mode
of loading. Test conducted on PMMA specimens [106,107], showed a considerable plastic
behavior and a major contribution of the net resistance area. This required a non-conventional
approach that consider the apparent linear elastic SED to overcome the presence of different

fracture mechanism under mode III.

A broad view of the SED approach has been described by Lazzarin and Berto in 2014 [108].
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3.2.1. Blunt notches

The SED approach has been originally developed under the assumption of sharp V-notch, but,
thanks to a semi-empirical procedure proposed by Filippi et al. [109], it has been extended also
to blunt V-notches and U-notches. This procedure has been validated through numerical

simulations [109,110].

Figure 3.6: Control volume for: a) blunt V-notch under mode I loading; b) blunt V-notch under
mixed mode loading; c¢) U-notch under mode I loading,; d) U-notch under mixed mode loading.
From [111].

In such notch conditions the control volume assumes a modified shape depending on the loading
mode. In mode I loading mode it assumes a crescent shape with Ry beings the maximum width
along the notch bisector line. The control volume is the intersection between the component and
a circle of radius r+Ro centered at the notch bisector, at a distance r from the notch edge. For
mixed mode loading conditions, it has been noted that the maximum elastic stress is out of the
notch bisector line. Its position along the notch edge is strictly dependent on the distribution of
stresses due to mode I and II. Compared to the pure mode I, the control volume center not belongs
to the notch bisector, but rigidly rotated with respect to it and centered in a point where the SED

reaches its maximum value [112,113].

As regards the loading case of Figure 3.6a-b, the following expression for the radius r is valid:
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T — 2«
=p - 3.29
r=e 2w — 2a (3.29)
For the loading case of Figure 3.6c-d, the following expression of r is valid:
_P
r=5 (3.30)

This procedure requires to perform several finite element simulations in order to find the

maximum SED value and hence the right position of the control volume.

3.2.2. Fatigue assessment by SED

Considering that the high cycle fatigue failure exhibits brittle fractures, hence they happen in
the linear elastic regime, it is possible to apply the SED method in order to estimate the fatigue
strength of mechanical components. The fatigue life can be expressed in terms of the cyclic

average SED of the notch.

Taking into account a mechanical component with sharp V-notch angle large enough to assure
the mode II non singularity (20> 102.6°), for example a welded joint, the radius of the control

volume can be estimated by the following relation:

1
[52 ARN\1T-2
Ry = (%) ' (3.31)

Aoy

According to equation (3.31), in order to estimate the value of the critical radius, the fatigue
strength of the butt welded joint, extrapolated from its fatigue curve with a probability of survival
of 50% at run-out number of cycle, is required. In addition, the NSIF based fatigue strength for

the welded joint component is required too.

Considering the welded toe region as a sharp V-notch, Livieri et al. [5], obtained the scatter
band in terms of cyclic average SED analyzing more than 900 fatigue failure data with different
failure area (toe or root region), under different loading conditions (Figure 3.7). They obtained

a synthesis of the fatigue strength of welded component where the geometry varies in a great

60



PART I - Chapter 3 Local Approaches

range (main plate thickness, transverse plate and bead flank). The average SED is reported versus

the number of cycles to failure.
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Figure 3.7: Fatigue strength of steel welded joints as a function of the averaged SED. From
[114].

The procedure required to evaluate the fatigue strength by means of the SED method consist
in the calculation of the mean SED at weld toe or root region for a nominal tensile stress Ao
through a linear elastic finite element simulation. Adopting equation (3.32), valid only under the
hypothesis of linear elastic behavior, it is possible to evaluate the remote tensile load that
represent the fatigue limit of the component with a given probability of survival, being AWy the

critical value of the mean SED that corresponds to the fatigue limit.

AWL>O'S (3.32)

AO'L = AO'i (W
i

For steel welded joints, according to the scatter band of Figure 3.7, the critical value for the

SED at PS=97.7% is equal to 0.058 Nmm/mm?.
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3.3. Peak Stress Method

In 2007, Meneghetti and Lazzarin [115] proposed the Peak Stress Method (PSM) as a rapid FE
technique, adopting coarse meshes, in order to estimate the NSIFs. Compared to the estimation
of the NSIFs performed with the Gross and Mendelson’s definition (equations (3.5) and (3.6)),
it is possible to adopt coarse meshes, with elements several order of magnitude higher, and it is
adopted the elastic peak stress at V-notch tip (Figure 3.8) respect the stress distribution over a
distance. Its simplicity in the application is due to a high calibrated procedure; in fact, it is
necessary to know the FE software adopted, the element type and the mesh pattern. The PSM
allows to estimate in a rapid way the NSIFs value adopting the elastic peak stress opeak of the

node at notch tip evaluated with an elastic FE analysis.
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Figure 3.8: Polar reference system at notch tip for a welded joint.

Nisitani and Teranishi [116] presented a numerical procedure suitable for estimating the K; for
a crack emanating from an ellipsoidal cavity. This procedure is based on the estimation of the
linear elastic peak stress opeak calculated at the crack tip from FE model with mesh pattern with
constant element size. They showed how the ratio Ki/cpeak depends only to the element size.
Hence the elastic peak stress could be adopted to assess in a rapid way the K value considering
mesh patterns calibrated on geometries where the exact K value is known. This criterion can be
extended to sharp V-notches [117] components and the element size required to evaluate K; from
Opeak 18 some order of magnitude greater than that required to directly evaluate K from the Gross

and Mendelson’s definition. The following expression has been validated:
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Ky, = Krg * Opeak - dt=h (3.33)

Where K is a constant and d is the average finite element size imposed to the mesher. The

Krr” constant depends by the adopted software, element typology and mesh pattern.

Originally calibrated for Ansys FE software, recently it has been also calibrated for other FE
software [118] (Abaqus, Straus7, MSC Patran/Nastran, etc.). It has been calibrated also on plane
elements (PLANE42 and PLANE182 with “simple enhanced strain”) and solid elements
(SOLID45, SOLID185 and SOLID187 with “simple enhanced strain). A state of the art about
the PSM has been reported by Meneghetti and Campagnolo in 2020 [119].

As regards the mesh pattern (Figure 3.9), after have defined the average element size, the free
mesh generation algorithm has to create a mesh where four elements must share the tip node if
the opening angle 20<90°, otherwise two elements must share the tip node if the opening angle

is 20.>90°.

20=0° Tl 20=30° T

2o

Enlarged
view

<

Figure 3.9:Mesh patterns adopted in numerical analysis obtained by Ansys mesher with global
element size of 1 mm. From [115].

Under such conditions, it is possible to assume the value of Krr'= 1.38. this value has been
retrieved after a calibration procedure considering several notch opening angle values and
element size values. Reporting the dimensionless value Kgg" vs. the a/d ratio, where a is a

characteristic length of the model (e.g. for welded joint it is equal to the loaded plate), it has been
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shown Figure 3.10 that the scatter band is restricted to 6% with an average value of 1.38. Hence

for engineering application the previous value for Kre" can be adopted.

The element size value can be chosen arbitrary but within a range of applicability [115,118].

For example, for mode I load the mesh density ratio a/d should be greater than 3 in order to

obtain Krg'= 1.38+5%.

The procedure to follow in order to estimate the NSIF with the PSM approach is the following.
A finite element analysis has been performed adopting plane strain 4-node elements. The mesh
density ratio a/d has been chosen in order to obtain a ratio greater than 3, hence the global element

size d is defined. The peak stress is equal to the elastic peak stress of the node at notch tip.

Recently the PSM has been applied also to 3D finite element model of tube welded joints
adopting tetra elements [120,121].

2.2

Fig. 6a, a=variable, d=1 mm

Fig. 6b, a=variable, d=1 mm

Fig. 6b, a=10 mm, d=variable

Fig. 6c, 20=135°, a=10 mm, d=variable
Fig. 6¢, 20=90°, g=5 mm, d=variable
Fig. 6¢, 20=90°, a=10 mm, d=variable
Fig. 6¢, 20=90°, a=15 mm, d=variable
Fig. 6d, a/b/t=13/10/8, d=variable

Fig. 6d, a/b/t=100/50/16, d=variable
— Theoretical mean value, from Eq. (9)

Kie ) |

1.8 *

- Mesh density as shown
in figure 10

+oremxXX[>0

1 3 10 a/d 100

Figure 3.10: Non-dimensional Krg" ratio as evaluated from 61 FE analyses with scatter band.
From [115].

3.3.1. PSM for welded joint

Meneghetti and Lazzarin [115] proposed to summarize the fatigue strength of welded joints in
terms of an equivalent peak stress. Considering a sharp V-notch geometry loaded in the more
general form under mode I and mode II, and taking into account the PSM relation (equation

(3.33)), the average SED expression (equation (3.28)) can be rewritten in terms of the peak stress
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opeak €valuated according to the PSM approach. In addition, under the hypothesis of plane strain

state, it is possible to evaluate an equivalent peak stress from the following expression [122]:

1-2112 1-1,7?
—eq| ., d ey .. d
AW = E Krg 'Aapeak ) (_) + E KrE - ATpeak : (R_)
¢ (3.34)

— . 2
- 2F AO-eq,peak

It is possible to estimate the K> NSIF in the same way as the K. The shear peak stress evaluated

at the node tip can be expressed as [123]:

K, = Kpg - Tpeak di~ (3.35)

The equivalent peak stress can be expressed as:

Ao-eqlpeak = \/fvgl ' Ao-zgeak + fvgz ) ATzzneak (3.36)

The corrective coefficients fw1 and fw2 are obtained comparing equation (3.34) and (3.36):

Ze d
fw1 = Krg - 1_—;2 (R_> (3.37)
c
2e d '
fwz = Krg - 1_—12 (R_> (3.38)
c

Compared to the SED approach, it is not necessary to model the control volume to estimate the
average SED and the average element size d can be greater than the dimension of the control

volume radius R, where it is necessary to have d<R..

The conditions of applicability of equation (3.35) are the same for the mode I. For the constant

kK . . .
Kre  an average value of 3.38 can be assumed, however a greater mesh density is required under
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the presence of mode II. The mesh density ratio a/d must be greater than 14 in order to obtain

Kre=3.3845%.

Adopting the equivalent peak stress of equation (3.36), it is possible to obtain a synthesis of
the fatigue data of steel welded joint breakage from root or weld bead toe regions in a similar

way as previously seen for the SED approach.

According to the PSM formulation of the SED approach, the fatigue failures are predicted in
the points that exhibits the higher equivalent peak stress AGeqpeak. By knowing the equivalent
peak stress, it is possible to predict the fatigue life by means of the scatter band of Figure 3.11

for steel welded joints.
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= 1000F Tg =1.90
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(b) ‘
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Cl 110l | | I | _ | | I | L1111
10* 10° 10° 10

Cycles to failure, N

Figure 3.11: Fatigue strength of fillet-welded joints made of structural steels in terms of the
equivalent elastic peak stress from [115].
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4. STRUCTURAL STEEL S355

Corigliano P, Cucinotta F, Guglielmino E, Risitano G, Santonocito D. Fatigue assessment of

a marine structural steel and comparison with Thermographic Method and Static
Thermographic Method. Fatigue Fract Eng Mater Struct 2020,43:734—43.
doi:10.1111/ffe.13158.

Corigliano P, Cucinotta F, Guglielmino E, Risitano G, Santonocito D. Thermographic
analysis during tensile tests and fatigue assessment of S355 steel. Procedia Struct Integr
2019;18:280—6. doi:10.1016/j.prostr.2019.08.165.

Highlights

Fatigue properties are of fundamental importance and extremely time consuming to be
assessed. The aim of this research activity is to apply the Thermographic Method (TM) and the
Static Thermographic Method (STM) during fatigue and tensile tests in order to correlate the

temperature trend to the fatigue properties of an S355 steel.

The material was retrieved from an existing marine structure: an in-service port crane.
Traditional fatigue tests were performed in order to evaluate the S-N curve with a scatter band.
Step Load tests were carried out deriving the fatigue limit and the Energy Parameter of the
material. Static tensile tests were performed in order to obtain the stress at which the temperature
trend deviates from the thermoelastic behavior. The fatigue properties obtained by means of the

thermal methods were compared to the traditional ones showing a good agreement.

Nomenclature
c specific heat capacity of the material [J/kg.K]
E Young’s Modulus [MPa]
f test frequency [Hz]
k inverse slope of the scatter band
K thermoelastic coefficient [MPa™]
n work hardening exponent (Hollomon’s equation)
N, Nt number of cycle, number of cycle to failure
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stress ratio

coefficient of determination

stress at rupture [MPa]

maximum technical stress [MPa]

maximum true stress [MPa]

yield stress, stress which produces the 0.2% residual plastic long. strain [MPa]
test time [s]

instantaneous value of temperature [K]

initial value of temperature estimated at time zero [K]

scatter index of the scatter band

thermal diffusivity of the material [m?/s]

number of cycle block length

absolute surface temperature variation during a fatigue test [K]
absolute surface temperature variation during a static tensile test [K]
stabilization temperature for fatigue tests [K]

estimated value of temperature for the first set of temperature data [K]
estimated value of temperature for the second set of temperature data [K]
strain at rupture [%]

strain at maximum load [%]

strain evaluated along the specimen’s longitudinal direction [%]
Poisson’s ratio

Energy Parameter [Cycles K]

average value of the Energy Parameter [Cycles-K]

density of the material [kg/m’]

stress level [MPa]

critical macro stress that produces irreversible micro-plasticity [MPa]

fatigue limit estimated with the Static Thermographic Method [MPa]
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00 fatigue limit estimated with the Thermographic Method [MPa]
00, 5% value of the fatigue limit with a probability of survival of 5%
00, 50% value of the fatigue limit with a probability of survival of 50%
00, 95% value of the fatigue limit with a probability of survival of 90%
o1 uniaxial stress [MPa]

o stress rate [MPa/min]

4.1. Introduction

The traditional methods of fatigue assessment of materials are extremely time consuming, so
an innovative approach, based on thermographic analyses of the temperature evolution during
the fatigue tests, has been proposed for a rapid prediction of the fatigue limit and the S-N curve,
using a very limited number of tests: the Thermographic Method (TM) [2]. In a recent work,
Risitano and Risitano [3] proposed the Static Thermographic Method (STM) as a rapid procedure
to derive the fatigue limit of the material evaluating the temperature evolution during a static

tensile test.

Many studies showed as the thermal analysis applied to steel [69,124,125] and composite
[126,127] components allow the estimation of the fatigue limit of the material with a limited
number of specimens. The thermal analysis by means of IR sensor has been also applied to
estimate the fatigue behavior on welded joints used in marine structures [128]. Full-field
measurement techniques have been applied in literature for the experimental investigation of

metallic and composite materials subjected to mechanical and thermal loading [129-133].

The Infrared Thermography was applied for the analysis of different materials subjected to
different loading conditions: notched steel specimens under tensile static tests [3,134], short glass
fibre-reinforced polyamide composites under static and fatigue loading [132], high cycle
[2,44,50,64,135,136]and very high cycle [10,12] fatigue regimes. The determination of the
Energy Parameter by means of Infrared Thermography has been also used to evaluate the causes

of failure of in service mechanical components [45].

The aim of this research activity is the application of the Static Thermographic Method (STM)
and of the Thermographic Method (TM) during static tensile and fatigue tests for the rapid
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fatigue assessment of S355 steel. This kind of steel is widely used in mechanical construction,
especially in shipbuilding and marine structures. The tested material has been retrieved from the
arm of an in-service port crane. Tensile tests were carried out adopting full-field techniques, such
as Digital Image Correlation (DIC) and Infrared Thermography (IR). From infrared
thermography relevant information about the energetic behavior of the material have been
derived. Moreover, classic fatigue tests were performed and the S-N curve was evaluated. The
predictions of the fatigue limit and of fatigue life, obtained by the analysis of the specimen
surface temperature evolution during step load tests and static tests, were compared with the

predictions obtained from the traditional fatigue tests.

4.2. Materials and methods

Static tensile tests and fatigue tests were carried out on specimens made of S355 steel. The
specimens were obtained cutting in situ seven metal sheets from different sections of the support
part of a port crane fixed arm. Each of these metal sheets were named with “T” letter followed
by the cut and specimen numbers (e.g. “T2-6, metal sheet no. 2, specimen no. 6). From each of
the metal sheet, eight dog bone shaped specimens were cut (Figure 4.1a) with a nominal cross
section of 15 mm x 10 mm. All the tests were performed with a servo-hydraulic axial load
machine INSTRON 8854 with maximum load capacity of 250 kN. A total number of three static
tests were conducted: one test was performed under displacement control in order to assess the
mechanical properties of the material, with a velocity of 2 mm/min; while the other two static
tests were performed under load control, adopting a stress rate of 183 MPa/min. Two kind of
fatigue tests were performed, both with stress ratio R= -1 and frequency f= 20Hz. A first series
of test was conducted on eighteen specimens at different stress level with constant amplitude,
ranging from 160 to 260 MPa, in order to obtain the S-N curve of the material. A second series
of fatigue tests was performed on nine specimens with a step increase of the stress amplitude,

ranging from 95 MPa up to 285 MPa.

Full-field techniques are a powerful aid in the assessment of the mechanical behavior of the
material and they can also speed-up the overall test time. The use of Digital Image Correlation
is useful for determining the mechanical characteristics of the material such as Young's Modulus,
Poisson's ratio and yielding strength. The DIC is a full-field non-contact measurements method
which allows the detection of displacement and strain fields. For the application of this
technique, two cameras with a resolution of 4000 x 3000 pixels, focal length of 50 mm, were

used. The system accuracy for the strain measurement is up to 0.01%, and the images were
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acquired at 1 Hz. The ARAMIS 3D 12 M system was used to analyze the strain field of the
specimen surface. Infrared Thermography was used to monitor the evolution of the surface
temperature of the specimen and to apply Thermographic Method and Static Thermographic
Method during tensile and fatigue test. The infrared camera FLIR A40 was used, with a sample
rate of 1 Hz and a temperature measurement range between -40°C and +120°C. During all the
tests the maximum temperature value of a rectangular measurement area, placed on the entire
length of the specimen’s reduced section, has been recorded. Before starting the tests, the
specimens were coated with a black-white speckle pattern on one surface, in order to allow the
assessment of the strain field, while they were coated with black paint on the other surface to
increase the thermal emissivity of the material up to 0.98. The experimental setup is showed in
Figure 4.1b, where the DIC system and IR camera are placed on the two different faces of the

specimen.

100

50

25

(a) (b)

Figure 4.1: a) dogbone specimen geometry, b) experimental setup with DIC system and IR
camera.

The load and temperature data coming from the tests were analyzed adopting an algorithm
implemented via Matlab® scripts. For both the static and fatigue tests, the specimen rupture
instant has been taken as the reference time for synchronizing the data. In order to clean the

temperature signal from outliers and to enhance the trend of the thermoelastic effect during static
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tests, a locally weighted scatter plot smooth filter (#lowess), already implemented in Matlab®,
was chosen. This kind of filter uses locally linear regression to smooth data defining a span in
which each data point assumes a weight depending on its distance from the data to be smoothed.
Evaluating the median absolute deviation of the residuals, it is also possible for the filter to assign
a zero weight to the outlier points, hence excluding them from the smooth procedure. For all of
the analyzed static test a data span equals to the 7% of the whole data set was adopted. Numerical
integration via the trapezoidal method of the absolute temperature variation of the specimen
surface vs. the number of cycle was carried out until the maximum value of temperature, for the
analysis of the energetic release during the fatigue tests and the estimation of the Energy

Parameter.

4.3. Results and Discussions
4.3.1. Material properties

In order to assess the properties of the S355 steel under investigation, a static test was carried
out under displacement control adopting an elongation rate of 2 mm/min. The DIC technique
allowed a complete analysis of the displacements and strains of the whole surface of the
specimen, as well as the detection of local strain concentrations during the tests. Once the test
data has been acquired with the DIC system, it automatically estimates several mechanical
properties of the material, both for the elastic and plastic field. Starting from the displacement
field, the longitudinal strains are calculated as the ratio between the absolute variation of the
elongation of two spot and their initial distance. In Figure 4.2a are reported the stress vs.
longitudinal elongation curves. The technical curve takes into account the nominal stress, i.e.
load over the nominal cross sectional area, while the true curve is estimated as the ratio between
the load and the instantaneous cross sectional area. In Figure 4.2b the calculation procedure of
the Young’s modulus and the yield strength is reported. The Young’s modulus is evaluated as
the linear regression of the first 67 points of the technical stress curve, with a coefficient of
determination R*= 0.9996, while the yielding strength Ry, defined as the value of the stress
which produces the 0.2% residual plastic longitudinal strain, is obtained as the intersection
between the technical curve and the straight line with the same slope of the elastic modulus
shifted by a strain value of 0.2%. The values obtained with the aid of the DIC technique are
reported in Table 4.1. As is possible to note, the yield strength and the maximum technical stress
ofthe steel under examination are compliant with the nominal material characteristics (Rpo2>355

MPa, Ri=450-600 MPa).
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Figure 4.2: a) Technical and real stress-strain curves evaluated by the DIC technique; b)
Evaluation of the Young’s Modulus and yielding strength by the DIC technique.
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Table 4.1: Mechanical properties of the investigated S355 steel.

S355 steel

Young’s Modulus E 205315 MPa
Poisson ratio v 0.29
Yield Stress Rpo2 425 MPa
Work hardening exponent n 0.165
Maximum technical stress R tech 557 MPa
Maximum true stress R true 639 MPa
Strain at maximum load € 14.64 %
Stress at rupture R 514 MPa
Strain at rupture & 15.55%

4.3.2. Fatigue tests and Thermographic Method

A series of fatigue tests at constant amplitude were carried out by imposing different values of
the maximum stress, with a stress ratio R= -1, setting the run-out, i.e. the number of cycles that
have theoretically infinite life, to 2x10° cycles and adopting a load frequency of 20 Hz. In Figure
4.3 are reported in a double logarithmic plot, the experimental fatigue data with a scatter band
0t 95% and 5% probability of survival and inverse slope k= 6.95. The values of the fatigue limit,
derived from the stress amplitude-number of cycle to failure curve at 2x10° cycle and estimated
at the different probabilities of survival of 95%, 50% and 5%, are respectively 143 MPa, 173
MPa and 209 MPa. The value of the fatigue limit present in literature [20] for the same steel falls
in this range. The scatter index Ts, evaluated as the ratio between the fatigue limit at 5%
probability of survival and the same value at 95% probability of survival, is equal to 1.46, a

typical value for structural steels.

During the traditional fatigue tests, the IR camera has been used to monitor the temperature
evolution over the number of cycle. In Figure 4.4, for two different tests with constant amplitude,
the three temperature phases, as reported by La Rosa and Risitano [2], are clearly visible. The
temperature data are represented as the absolute difference between the current value of the
temperature and the value at the initial cycle. The stabilization temperature has been evaluated
as the average with standard deviation of the temperature point of the second phase, not taking
into account the point of the first and third phases. As expected, the higher the stress, the higher
the stabilization temperature, but, on the other hand, the energetic parameter presents the same

order of magnitude for all the tests (®= 5.7x10° Cycles-K).
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Figure 4.3: Stress amplitude-number of cycle to failure curve with scatter band obtained from
traditional fatigue tests.
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Figure 4.4: Temperature trend and evaluation of the Energy Parameter ®@ during traditional
fatigue tests.

Besides traditional fatigue tests which require a relevant number of specimens to be tested, the
Thermographic Method allows the rapid assessment of the fatigue properties of the material with
a few number of specimens. A series of stepped tests with increasing stress and with the same
load ratio and frequency of the traditional one were carried out. In Figure 4.5, the temperature
evolution vs. number of cycle vs. stress level are represented for two of the nine stepped tests.
As for the traditional case, the temperature data are represented respect to the absolute difference
from the initial cycle. For each stress level, the stabilization temperature has been evaluated as
the average value and standard deviation of the temperature data of that stress level, excluding
the points in the transition from one stress level to the other. Generally, these temperature points
are within a span of 30% in the initial part and of 10% in the final part of the stress level block.
For stress levels below the fatigue limit the value of the stabilization temperature are lower
compared to the last stress level and sometimes it is not possible to assess a stabilization
temperature due to the noise of the temperature signal (Figure 4.5a). For higher stress levels the
temperature never reaches a stabilization, therefore it increases until the specimen failure. As is

possible to note, the increase in the stabilization temperature values experience a sudden change
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moving from 133 MPa to 210 MPa, passing through the 171 MPa stress level, therefore the

fatigue limit is expected to be located in this stress range.
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Figure 4.5: Temperature evolution vs. number of cycle vs. stress level during step load tests.

As regards the energetic release during the step tests, in Figure 4.6 are reported the different

values of the Energy Parameter evaluated as the integral of the area subtended by the surface
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temperature vs. the number of cycle of each test until failure. The order of magnitude for all the
stepped test is the same and the average value of this parameter seems to be in good agreement

with the values calculated for the traditional fatigue tests.
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Figure 4.6: Comparison between the Energy Parameter of the step load tests.

By knowing the stabilization temperature of the different stress level for each of the nine step
tests, it is possible to plot them against the relative applied stress (Figure 4.7). The data set
presents a knee for a stress range between 160 MPa and 200 MPa. It is possible to subdivide the
temperature data set into two groups: the first below the knee (AT: estimated with stress level
between 90 and 160 MPa) and the second above it (AT> estimated with stress level between 200
and 260 MPa). By making a linear regression for the two set of temperature point, it is possible
to evaluate the fatigue limit as the intersection between the two straight line. For the whole step
tests, a value of 179.5 MPa for the fatigue limit has been found. As it is possible to observe in
Figure 4.5 and in a more clearly way in Figure 4.7, the stabilization temperatures experience a
sudden increase for stress level above the fatigue limit. The value of the fatigue limit assessed
by the Thermographic Method is in line with that found by means of traditional fatigue test

evaluated at a probability of survival of 50%.

It is possible to compare the S-N data coming from the Thermographic Method step tests with
the scatter band of the fatigue data obtained with conventional tests. The Energy Parameter for

each step test has been evaluated and the values of the number of cycles to failure have been
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obtained as the ratio between the Energy Parameter and the stabilization temperature of each
stress level. The stress levels below the fatigue limit of oo, s0= 173 MPa have not been taken
into account because the stabilization temperature of those stress level are lower compared to
the stabilization temperature of the stress level above the fatigue limit. As is possible to observe
in Figure 4.8, the data points obtained by means of the Thermographic Method fall entirely
within the scatter band of traditional fatigue tests, hence the Thermographic Method is able to

predict, with a very low number of specimens, the entire S-N curve of the material.
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Figure 4.7: Evaluation of the fatigue limit by means of the Thermographic Method reporting
the stabilization temperature vs. the relative stress level.
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Figure 4.8: Comparison between the S-N value obtained by Thermographic Method step tests
and the scatter band from traditional fatigue tests.

4.3.3. Static Thermographic Method

A second series of static tests has been conducted on two specimens using a stress rate of 183
MPa/min. The stress rate has to be choose properly in order to assure adiabatic test condition,
i.e. when the “characteristic heat diffusion time” of the specimen is more and more less than the
whole test time. In Figure 4.9 are reported the trend of the applied stress and the experimental
temperature variation AT during the tensile test, calculated as the difference of the instantaneous
temperature of the specimen surface minus the initial surface temperature (AT = Ti — To). The
temperature data reported has been filtered with a rlowess filter in order to reduce the outliers

and highlight the thermoelastic trend.

It is clearly visible that there is an initial phase in which the temperature variation has an almost
constant slope, which identify the thermoelastic phase, and then tends to stabilize during a second
phase. The first deviation from linearity, which corresponds to the end of the first phase, can be
correlated to the damage limit, very close to traditional fatigue limit. The change in the slope of
the temperature increment can be easily find as the intersection between the straight line of
regression of the thermoelastic region (early stage of the temperature trend, AT fit point series)
and the straight line of the nearly zero derivative flex region (last stage before the sudden increase

in temperature trend, AT> fit point series). The corresponding average stress value coming from
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the two test is 181.2 MPa. The values obtained using the three different approaches, traditional
fatigue tests, Thermographic Method and Static Thermographic Method, seem to be in good

agreement, as the obtained scatter is normal for structural steels also during traditional fatigue

tests.
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Figure 4.9: Temperature evolution vs. applied stress during static tensile test.

82



PART II - Chapter 4 Structural Steel S355

4.4. Conclusion

In this study the fatigue properties of a widely used structural steel of the S355 type, taken by
an in service marine structure, have been evaluated. Three different approaches have been
adopted to assess the fatigue limit of the material: traditional fatigue test, Thermographic Method

(TM) and Static Thermographic Method (STM).

Full-field techniques (DIC and IR thermography) were applied for the mechanical properties

and energetic release evaluation under both fatigue and static traction tests.

The predictions of the fatigue life obtained by means of the two thermographic methodologies

were compared with the value obtained by the traditional procedure. In particular:

e From the traditional fatigue tests the fatigue limits evaluated at a number of cycle to
failure equals to 2x10° and at different probability of survival are 6o, 9s%= 143 MPa,
00, 50%= 173 MPa and oo, s5%5= 209 MPa. The Energy Parameter has a value of about
®= 5.7x10° Cycles-K.

e From the step load tests, applying the TM the fatigue limit has been estimated, with a
value equals to 179.5 MPa, and the Energy Parameters have been evaluated (®=
5.74+2.12 x10° Cycles-K). The S-N data obtained from the same step tests have been
compared with the scatter band of traditional fatigue tests, showing how all the TM
points fall within the scatter band.

e From the two static tensile tests, applying the STM, the stress limit of the material has

been evaluated (o1im= 181.2 MPa).

The predicted values by means of the two thermographic methods are in good agreement with
the experimental values obtained with traditional fatigue tests. The TM and STM are able to
estimate, even with a limited number of specimens, the fatigue life of the material. The Energy
Parameter could give interesting information for the development of a residual fatigue life

prediction model of structural components.
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5. MEDIUM CARBON STEEL C45

Guglielmino E, Risitano G, Santonocito D, Guglielmino E, Risitano G, Santonocito D. A new

approach to the analysis of fatigue parameters by thermal variations during tensile tests on
steel. Procedia Struct Integr 2020;24:651-7. doi:10.1016/j.prostr.2020.02.057.

Highlights

The aim of this research activity is to apply the Static Thermographic Method (STM) and the
Thermograhic Method (TM) during static tensile tests in order to correlate the surface
temperature trend to the fatigue properties of a C45 steel. Full-field techniques are a powerful
aid in the evaluation of the mechanical behaviour of the material and they can also accelerate the

overall test time.

This research activity is part of the collaboration between the University of Messina and other
several Italian universities within the Italian National Machine Design Society (AIAS) group on

Energetic Methods (MEAS).

In this chapter, results about the influence of the applied stress rate on the thermal release of a
medium carbon steel has been evaluated and a series of fatigue test has been carried out on the
same material. In addition, numerical simulations have been performed in order to assess the end
of the thermoelastic effect during a static tensile test. The obtained limit stress has been compared
with the fatigue limit coming from other energetic method and conventional fatigue tests

showing good agreement.

Nomenclature
c specific heat capacity of the material [J/kg.K]
Lis First stress invariant [MPa]
K thermoelastic coefficient [Pa™]
R stress ratio
t test time [s]
T, Ti instantaneous value of temperature [K]
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To initial value of temperature estimated at time zero [K]

W, Plastic work per volume unit [Nmm/mm®]

o thermal diffusivity of the material [m?/s]

AT absolute surface temperature variation during a static tensile test [K]

AT estimated value of temperature for the first set of temperature data [K]
AT, estimated value of temperature for the second set of temperature data [K]
p density of the material [kg/m3]

() Energy Parameter [Cycles K]

c stress level [MPa]

Olim fatigue limit estimated with the Static Thermographic Method [MPa]

5.1. Introduction

Traditional fatigue tests are extremely time consuming and require a huge number of specimens
in order to obtain the fatigue properties of the material. An innovative approach, based on
thermographic analyses of the temperature evolution during the fatigue tests, has been proposed
for a rapid prediction of the fatigue limit and the S-N curve, using a very limited number of tests:
the Thermographic Method (TM) [2]. In a recent work, Risitano and Risitano [3] proposed the
Static Thermographic Method (STM) as a rapid procedure to derive the fatigue limit of the

material evaluating the temperature evolution during a static tensile test.

In the last twenty years, the Infrared Thermography (IR) has been applied for the analysis of
different materials subjected to several loading conditions: notched and plain steel specimens
under static and fatigue tests [19,68,69], laminated composites under tensile static loading [134],
polyethylene under static and fatigue loading [137], short glass fiber-reinforced polyamide
composites under static and fatigue loading [132], steels under high cycle [44,50,64] and very
high cycle fatigue regimes [10,12].

The aim of this research activity is the application of the Static Thermographic Method (STM)
and of the Thermographic Method (TM) during static tensile and fatigue tests for the assessment
of the fatigue life of a medium carbon steel of the class C45. Tensile tests were carried out and

infrared thermography has been adopted during all static tests in order to assess the influence of
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the stress rate on the energetic release of the material. In addition, stepwise fatigue tests are
carried out and the obtained value ofthe fatigue limit is compared with the one obtained by STM.
This research activity is part of the collaboration between the University of Messina and several
others Italian universities within the AIAS group on Energetic Methods, made on the same
material. A comparison of the found fatigue limit is performed at the end of the chapter in order

to highlights the differences between the several energy based method for fatigue assessment.

5.2. Materials and Methods
5.2.1. Experimental tests

Static tensile tests and stepwise fatigue tests were carried out on specimens made of C45 steel.
The specimens have a dog bone shape (Figure 5.1a) with a nominal cross section of 12 mm x 6
mm. All the tests were performed with a servo-hydraulic load machine MTS 810 (Fig. 2b). In
order to assess the influence of the load velocity on the energetic release of the specimen, the
static tests were conducted under load control adopting three different stress rate: 200 MPa/min,
400 MPa/min and 800 MPa/min. For each stress rate a number of three specimens was tested.
The stepwise fatigue tests were conducted on two specimens with a stress ratio R= -1 and a test
frequency f= 20 Hz. An increasing value of the maximum applied stress was adopted, ranging
from 180 MPa up to 320 MPa, with a stress step Ac= 20 MPa and a number of cycles per block
equal to 20000.

The infrared camera FLIR A40 was used to monitor the specimen’s surface temperature. For
the static tensile tests, a sample rate of 2 image per second was adopted with a temperature
measurement range between -40°C and +120°C, while for the stepwise fatigue tests a sample
rate of 2 image per minute was adopted with a temperature measurement range between 0°C and
+500°C. The specimen surface was deeply cleaned from rolling oil by means of absorbent paper;
then it was coated with high-emissivity black paint (emissivity up to 0.98). During all the tests
the maximum temperature value of a rectangular measurement area, placed on the entire length

of the specimen’s reduced section, has been recorded.
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Figure 5.1: a) dog-bone specimen geometry, b) experimental setup.

The load and temperature data coming from the tests were analyzed adopting an algorithm
implemented via Matlab® scripts. The specimen rupture instant has been taken as the reference
time for synchronizing the data. In order to clean the temperature signal from outliers and to
enhance the trend of the thermoelastic effect during static tests, a locally weighted scatter plot
smooth filter (rlowess) with a data span of 10%, already implemented in Matlab®, was chosen.
This kind of filter uses locally linear regression to smooth data defining a span in which each
data point assumes a weight depending on its distance from the data to be smoothed. In order to
find the limit stress, two linear regressions were performed on the temperature data set of the
Phase 1 (thermoelastic trend) and Phase 2 (plateau region). The limit stress could be find as the

relative stress level of the intersection point between these two straight line.

For the stepwise fatigue tests, the stabilization temperature was estimated as the average value
with one standard deviation of the temperature signal for each block, excluding the point in the
transition from one stress level to the other. Generally, these temperature points are within a span
of 30% in the initial part and of 10% in the final part of the stress level block. The specimen’s
surface temperature variation AT was estimated as the difference between the instantaneous

temperature and the initial value of temperature recorded at time zero.

5.2.2. Numerical simulation

A nonlinear finite element model was implemented on Ansys® APDL, adopting 1/8™ of the

specimen geometry (Figure 5.2), according to the model developed in section 2.4.2. The elasto-
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plastic material behavior of C45 steel was modelled adopting a multilinear isotropic hardening
plasticity model with true stress-strain data from [138], given the fact that they were estimated
for the same batch of material. The thermo- mechanical material properties of C45 are reported

in Table 5.1.

Hexahedral 20-node SOLID186 elements were chosen and, after a calibration procedure, a
number of 3584 elements were adopted. Symmetric boundary conditions were applied to the
geometry, locking the nodal displacement along the first axis and the rotations respect the other
two remaining axes of the symmetry faces. The maximum tensile force was equally distributed

on the grip section nodes and gradually ramped over a number of 1000 substeps.

applied

C45 Specimen
1/8th geometry

Figure 5.2: Finite element model.

Table 5.1: C45 mechanical and thermal properties.

Tensile Tensile Poisson’s . Specific Linear Thermoelastic
Stress at : Density expansion .
: Modulus ratio heat . coefficient
Yield coefficient
oy [MPa] E [GPa] v [kgf/’m3] ¢ [I/kg K] o [K] Ko [Pa']
435 210 0.33 7860 480 12x10° 3.17x10"2

In the post-processing of the results, the first stress invariant [ and the plastic work per volume
unit W,, of the resistance section have been evaluated, according to the fact that all the tested
specimens were broken at their midsection.
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5.3. Results and Discussion
5.3.1. Static tensile tests

A series of static tensile tests has been conducted on three specimens per stress rate, for a total
number of nine tensile tests. In this kind of test, the stress rate has to be choose properly in order
to assure adiabatic conditions. The applied stress is reported versus the specimen’s surface
temperature variation, estimated as the difference between the instantaneous temperature and the
initial temperature of the surface recorded at time zero (AT = T; — To). The temperature data has
been filtered with a rlowess filter in order to reduce the outliers and highlight the thermoelastic
trend. For all of the adopted stress rate is reported only one graph as an example, considering

that the other tests exhibit the same thermal behavior.

For the first applied stress rate of 200 MPa/min, the temperature trend has been reported in
Figure 5.3. It is not easy to distinguish the different phases and the change in the slope of the
temperature signal. A possible explanation could be addressed to the slow test velocity which
allows the specimen to exchange heat with the surrounding environment, i.e. the energetic

release is not adiabatic.

400 T . .
103
300
10.2
200
100 10.1
5 o
2 0 0 -
S <
-100 7 1-0.1
=200 -
1-0.2
-300 r S-MEAS-01, ¢ = 200 MPa/min
QO Exp.Temp. (rlowess) 1-0.3
_400 1 1 L Il 1
0 20 40 60 80 100 120

t[s]

Figure 5.3: Temperature evolution vs. applied stress during static tensile test, with a stress
rate of 200 MPa/min.
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Considering an applied stress rate of 400 MPa/min (Figure 5.4), in the initial part of the AT-t
curve it is possible to distinguish the linear trend of the temperature, then it deviates from the
linearity reaching a plateau region. It is possible to draw two linear regression line, the former
for the first linear phase (early stage of the temperature signal, AT; fit point series) and the latter
for the second phase (last stage before the sudden increase in the temperature signal, AT fit point
series), not taking into account the temperature values near the slope change (Experimental
Temperature series). Solving the system of equations, it is possible to determine the intersection
point of the two straight lines. The corresponding value of the applied stress could be related to
the macroscopic stress that leads to the irreversible plasticization phenomena in the material. For
the stress rate of 400 MPa/min, the limit stress has been evaluated on three tests, obtaining a

value equals to 222.2+4.0 MPa.

400 T . T
103
300 -
T = 217.9 MPa
_______________ 10.2
200 [
1
| ¢ = 400 MPa/min 101
100 - I Average on 3 tests: )
E q : Tl = 222.2 + 4.0 MPa g
En 0 ~ I 0 FVJ
S ~ . | <
-100 ¢ I 1-0.1
1
=200
— - == N().2
S-MEAS-03 O AT fit point (rlowess)
3007 ATy —5.67E-03¢ -1.61E-02 A AT} fit point (rlowess)
—— ATy =+6.13E-04-¢ -2.21E-01 [1 Exp.Temp. {rlowess) | 0.3
_400 1 1 I 1 1 :
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Figure 5.4: Temperature evolution vs. applied stress during static tensile test, with stress rate
of 400 MPa/min.

Considering a stress rate of 800 MPa/min (Figure 5.5), the energetic release is faster than the
previous two cases and it is difficult to distinguish in a clear way the two different temperature
phases (AT and AT fit point series), although it is possible to draw two regression lines and
make their intersection. The value of the limit stress found on the three tests is equals to

220.2+7.4 MPa.
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Figure 5.5: Temperature evolution vs. applied stress during static tensile test, with stress rate
of 800 MPa/min.

The limit stress obtained by means of the Static Thermographic Method, in particular for the
two stress rate of 400 MPa/min, which ensure the best adiabatic test conditions could be assumed
equal to 222.2+4.0 MPa. It is important to observe how this value has been obtained by means

of a simple static traction test and in a very short amount of time (~5 minutes per test).

5.3.2. Numerical analysis

From the finite element simulations according to the temperature model developed in section
2.4.2, the first stress invariant and the plastic work per unit of volume of the cross section area
have been evaluated during the load increment. In Figure 5.6 are reported the experimental
superficial temperature of the specimen (not filtered) and the estimated FEM temperature vs. the
applied nominal stress. The experimental temperature trend experiences a deviation from the
linearity of the thermoelastic effect for a stress value below the yielding stress of the material
(~435 MPa). After the yielding stress has been reached, the temperature experiences a high
further temperature increment till the specimen breakage. The FE simulated temperature trend
shows a perfect linear trend up to the yielding point, then the plastic work per unit of volume
suddenly increases, leading to an abrupt positive change in temperature, reaching asymptotically

the final ultimate stress.
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Figure 5.6: Energetic release during a static traction test of C45, experimental and
numerical trend.

Focusing on the first part of the temperature trend (Figure 5.7), it is evident how the
experimental temperature deviates from the linearity for a nominal macroscopic stress level
approximately equal to the limit stress. It is easy to distinguish the two phases: the first where
both experimental and simulated temperature show a linear trend and the thermoelastic

coefficient Ky, is able to properly fit it, and the second, where the experimental and simulated
temperature have different trends.

The reason of the different temperature trends (experimental and simulated) may reside in the
presence within the material of local defects that lead to local plastic condition, hence to a

temperature rise. Actually it not easy to properly simulate such micro-defects adopting the FE

techniques.
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Figure 5.7: Energetic release during a static traction test. Deviation from the linearity of
the thermoelastic trend.

5.3.3. Stepwise fatigue test

A second series of test was performed on two specimens adopting a step increment of the
maximum applied stress with R= -1 and test frequency f= 20 Hz. In Figure 5.8 the superficial
temperature evolution is reported versus the number of cycles and the applied stress. The
temperature has been evaluated as the difference between the instantaneous temperature and the
temperature at the beginning of the fatigue test. For stress levels equal to 180 and 200 MPa it is
not possible to assess in a clear way a temperature increment. As the stress level increases from
200 MPa to 220 MPa, it is possible to observe a temperature rise with stabilization of the trend.
With higher stress level (>240 MPa) the temperature experiences a very high further increment
without plateau region till the specimen failure. Both of the tested specimen never reached stress
level higher than 280 MPa. The Energy Parameter @ has been estimated for the two tests as the
numerical integral of the subtend area of the temperature curve vs the number of cycles, showing

value with the same order of magnitude (~2x10°® Cycles'K).
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Figure 5.8: Stepwise fatigue test on C45 applying the Thermographic Method

Due to the sudden higher temperature increment it has not been possible to evaluate the S-N
curve of the material with the procedure proposed by Fargione et al. [46]. On the other hand, it
has been possible to evaluate how the temperature experiences an increment for stress level in

the stress range between 200 and 220 MPa. This indicates that fatigue damage begin for those
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stress levels and it is in agreement with the value of the limit stress found by means of static

traction test applying the STM.

5.3.4. Comparison with other test

The limit stress obtained by means of the STM could be compared with the fatigue limit
obtained with alternate traction-compression tests in literature, conceivable as the more
damaging dynamic load condition for the material. In a work by Szala and Ligaj [139], the S-N
curve of a C45 steel, obtained with constant load tests and load ratio R= -1, has been reported.
The fatigue limit evaluated with a 50% probability of survival at 2x10° cycles is equals to 210
MPa. Cura and Gallinatti [140] for the same steel report a fatigue limit, obtained by means of
Stair Case procedure with R= -1, equals to 239+9 MPa.

Within the Energy Method group of the Italian National Machine Design Society (AIAS), a
round robin has been performed between several Universities. The aim of this round robin was
to compare the different energetic test procedures available for the rapid estimation of the fatigue
limit of materials. The adopted procedure includes the Static Thermographic Method, as well as
the Thermographic Method (with the adoption of the temperature gradient over the number of
cycles dT/dN and the stabilization temperature Tsiapb), the analysis of the thermoelastic signal (E-
mode and D-mode) and the lost energy per cycle Q. In addition, traditional Staircase procedure
for evaluate the fatigue limit has been performed. All the tests were performed on the specimens
of Figure 5.1a, made of the same C45 steel, except for the geometry of the Staircase procedure
by the University of Pisa. In Table 5.2 are reported the different values of the fatigue limit
assessed with different techniques for a stress ratio of R= -1. It is possible to observe how the
predicted value of the fatigue limit by means of the STM is well below the values estimated with
other experimental techniques. Compared to the fatigue limit estimated by means of the
traditional Staircase procedure of the University of Pisa, the limit stress is below the fatigue limit
with a probability of survival PS of 90%, hence the limit stress could be adopted as a more
conservative design parameter compared to the other values. It is important also to point out that
the different specimen preparations performed by the Universities, cleaning and/or machining,
may severally affect the final value of the fatigue limit. In particular, the Staircase procedure by
the University of Pisa was performed on different specimen geometries adopting a resonant
fatigue test machine which may lead the specimen to a higher bulk temperature during the fatigue

tests. Compared to the classical fatigue tests, but also to the other energetic approaches, the Static
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Thermographic Method was the most rapid procedure which required the lowest number of

specimens.

Table 5.2: Comparison of the different experimental techniques for the fatigue limit assessment
(in MPa) for R= -1.

University of University of Politechnic of University of
Test procedure University of Pisa
Messina Catania Milan Padova
STM 222 205
TM (dT/dN) 316
TM (Tstap) 200220 310 309
E-mode (o) 301
D-mode (2w) 305
Q 308 295
261 (PS 10%)*
Staircase 274 245 (PS 50%)*

229 (PS 90%)*

*procedure performed with resonant fatigue test machine and with different specimen
geometry.

5.4. Conclusion

In this chapter the energetic release during a tensile test of a C45 steel has been evaluated. This
research activity is part of the collaboration between the University of Messina and other several
Italian Universities within the AIAS group on Energetic Methods. The IR camera allowed the
application of the Static Thermographic Method and of the Thermographic Method monitoring

the specimen’s surface temperature.

The influence of the applied stress rate on the energetic release has been evaluated, showing
how the choice of a proper stress rate assure adiabatic test conditions. Considering a stress rate
of 400 MPa/min the limit stress has been evaluated as the stress level at which the temperature
deviates from its linear trend, obtaining a value of 222.2+4.0 MPa. Numerical analysis was
performed in order to assess the end of the thermoelastic effect compared to a finite element

model.

Stepwise fatigue tests adopting the TM were performed showing how a temperature increment
is present for stresses in the range of 200220 MPa. This indicates that fatigue damage begin for

those stress levels.
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The obtained values of the limit stress have been compared with fatigue limits taken from
literature for the same steel showing good agreement. Comparisons with other energetic
methodologies and with traditional Staircase tests have been performed, showing how the

assessed limit stress value could be adopted as a more conservative fatigue design parameter.

The Static Thermographic Method is a rapid test methodology able to predict the fatigue
properties of the materials from a static tensile test, even with a limited number of specimens

and in a short amount of time.
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6. V-NOTCHED MEDIUM CARBON STEEL AISI 1035

Foti P, Santonocito D, Ferro P, Risitano G, Berto F. Determination of Fatigue Limit by

Static Thermographic Method and Classic Thermographic Method on Notched Specimens.
Procedia Struct Integr 2020;26:166—74. doi:10.1016/j.prostr.2020.06.020.

Foti P, Risitano G, Berto F, Santonocito D. Evaluation of the Energetic Release During
Tensile Tests in Notched Specimens by Means of Experimental and Numerical Techniques.
Under review (presented at national machine design conference AIAS2020, Energetic Method
Session)

Highlights

The aim of the present chapter is to investigate the fatigue limit of notched mechanical
components through several energy based approach: Thermographic Method (TM) and Static
Thermographic Method (STM).

Fatigue tests have been carried out on blunt V-notch specimens, made of medium carbon steel
AISI 1035, in order to apply the TM and evaluate the fatigue limit of the notched material. Static
tensile tests at different stress rate have been carried out on the same specimen geometry in order
to evaluate the energetic release of the material during a traction test and applying the STM. A
numerical finite element analysis has been performed to predict the temperature trend during a

tensile test and compared to the experimental trend.

The limit stress values assessed by the energy based methods are in good agreement, suggesting

how they can be adopted to assess in a rapid way the fatigue limit of mechanical components.

This research activity is part of the collaboration between the University of Messina and the

Norwegian University of Science and Technology NTNU.

Nomenclature
c specific heat capacity of the material [J/kg.K]
E Young’s Modulus [MPa]
f fatigue test frequency [Hz]
Lis First stress invariant [MPa]
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Km thermoelastic coefficient [Pa™!]

Nt number of cycle at failure

R stress ratio

t test time [s]

T, Ti instantaneous value of temperature [K]

To initial value of temperature estimated at time zero [K]

W, Plastic work per volume unit [Nmm/mm®]

2a notch opening angle [°]

o thermal diffusivity of the material [m?/s]

AN number of cycles per block of a stepwise fatigue test

AT absolute surface temperature variation during a static tensile test [K]
AT estimated value of temperature for the first set of temperature data [K]
AT, estimated value of temperature for the second set of temperature data [K]
Ac stress step increase for a stepwise fatigue test{f MPa]

er strain at failure

p density of the material [kg/m?], notch fillet radius [mm]

v Poisson coefficient

c stress level [MPa]

00 T™ fatigue limit assessed by Thermographic Method

Oy yielding stress [MPa]

ou ultimate stress [MPa]

Glim, Olim FEM limit stress estimated with the Static Thermographic Method [MPa] experimental,

simulated
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6.1. Introduction

In the field of mechanical design, the determination of the material mechanical properties is
particularly time consuming especially dealing with fatigue properties whose obtainment

through traditional fatigue tests requires a large number of specimens for its assessment.

The infrared thermography (IR) techniques could be used to determine the material fatigue
properties especially when a limited set of specimens are available or when there is the need to
decrease costs and tests time. Due to these peculiarities, the IR techniques are very attractive for

many researchers who face the problem of fatigue of materials.

Their use has already shown that the thermal analysis allows the estimation of the fatigue limit
of the material with a very small number of specimens dealing with plain and notched steel
specimens under static and fatigue tests [3,49,50,68,69,124,125,141,142], laminated composite
under tensile static loadings [126,134,143], polyethylene under static and fatigue loadings [137],
short glass fiber-reinforced polyamide composites under static and fatigue loadings [132], steels
under high cycle [44,50,64,142] and very high cycle fatigue regimes [10,141] and additive

manufactured components [144].

Among the IR techniques, in the present chapter the Thermographic Method (TM), proposed
in 1989, has been adopted to evaluate the fatigue limit of the material in a short amount of time.
The Static Thermographic Method (STM), proposed in 2013 [3] as a rapid and economic
procedure to estimates the fatigue limit of such a material analyzing the surface temperature
trend of specimens subjected to static loads has been adopted. By side of these experimental
techniques, the thermal behavior of the material during a static tensile test has been simulated by

finite element analysis.

6.2. Materials and Methods

The material under study was a medium carbon steel AISI 1035 and two kind of specimen
geometries were adopted (Figure 6.1a): a plain geometry and a blunt V-notched geometry with
opening angle 2o= 120° and fillet radius p= 2 mm. All the tests were performed with a servo-

hydraulic axial load machine INSTRON 8854 with maximum load capacity of 250 kN.
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Figure 6.1: a) specimen geometries, b) IR camera spot on the specimen V-notch area.

In order to apply the TM and STM during fatigue and tensile tests, infrared thermography was
adopted to monitor the evolution of the specimen surface temperature. During all the tests, the
maximum temperature value of a rectangular measurement area, placed in the vicinity of the two
specimen notched section (Figure 6.1b), has been recorded. The infrared camera FLIR A40, with
a temperature measurement range between -40°C and +120°C was used. The specimens were
coated with a black paint to increase the thermal emissivity of the material up to 0.98. A static
tensile test under displacement control (5 mm/min) was performed in order to obtain the material

true stress-strain curve adopting the plain specimen geometry (Figure 6.2a).

. The Digital Image Correlation (DIC) technique was adopted to monitor the superficial
deformation of the specimen with two cameras (resolution of 4000 x 3000 pixels, focal length
of 50 mm). The system accuracy for the strain measurement is up to 0.01%, and the images were
acquired at 1 Hz. The ARAMIS 3D 12 M system was used to analyze the strain field of the

specimen surface (Figure 6.2b).
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Figure 6.2: a) True stress-strain curve and thermo-mechanical properties for AISI 1035; b)
DIC software elaboration.

A series of three fatigue tests was performed on the notched geometry adopting a stress ratio
R= -1 and a frequency f= 20 Hz. A fatigue test was performed adopting a step-wise increase of
the stress (Ao= 42 MPa), ranging from 42 MPa up to 250 MPa with a number of cycle per block
AN= 20000. The other two fatigue test were performed under constant amplitude stress,
respectively o200 MPa and 260 MPa. The sample rate of the infrared camera was set to 1 image

per minute.
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A second series of static tensile tests was performed on the notched specimens under stress
control in order to assess the influence of the stress rate on the energetic release of the material.
Three different load application speeds were considered: 60, 120 and 180 MPa/min. The infrared

camera sample rate was set to 1 image per second a total number of 5 test were performed.

A nonlinear finite element models was implemented adopting Ansys APDL in order to estimate
the thermal behavior under a static tensile test of the notched specimens (section 2.4.2). The
elasto-plastic material behavior was modelled adopting a multilinear isotropic hardening
plasticity model with true stress-strain data from experimental tests. For the notched specimen
(Figure 6.3), only 1/8" of the geometry was modelled, taking advantage of the specimen
symmetries. Hexahedral 20-node SOLID186 elements were chosen and, after a calibration
procedure, a number of 10.000 elements were adopted. Symmetric boundary conditions were
applied to the geometry, while the tensile force was equally distributed on the grip section nodes.
The first stress invariant and the plastic work per unit volume of the node belonging to the blunt

V-notch volume were considered in order to evaluate the energetic release of the specimen.

Structural-Thermal FE model

applied
force

Symm YZ

Symm XY

AISI 1035
Specimen
1/8th geometry

Figure 6.3: FE model for predicting the thermal behavior of the specimen.
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6.3. Results and discussion
6.3.1. Fatigue tests

During the fatigue tests, the evolution of the specimen surface temperature has been analyzed
in order to apply the TM. Given the fact that the temperature trend during all the tests does not
show a stabilization phase, in the following analysis the initial thermal gradient AT/AN has been
considered. The first fatigue test was performed with a stepwise increase of the stress level Ac
under fully reversed load condition. In Figure 6.4 the temperature trend vs. the number of cycles
and the stress level has been reported. For stress level below 208 MPa no significant increase in
the temperature trend can be appreciated. As the stress level reaches 208 MPa, a rapid
temperature increment can be noticed, with a thermal gradient of 5.7x107° K/cycle. For the higher
stress level of 250 MPa a very high further temperature increment is exhibited, with a thermal

gradient of 2.1x10™* K/cycle, until the specimen failure.

4.5 T T 300
Ak F-120-01
R=-1,{=20Hz 250 MPa
N~ 108000 — 250
350 I
208 MPa | 210
3t —— Kfycle
o1 : 1200
‘ 5
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jm= | Anoise ! =
= 2 L ! T ]50 [—
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154 ' a2 noise <
84 MPa 1100
Ir I AT noise
05t 42 MPa | . 450
 noise | i ‘ i
I~ ; 3
! \ ! \ \

0
0 20 40 60 80 100 120
N. Cycles x 1000

Figure 6.4: Stepwise fatigue test.

Considering that the temperature trend of the stepwise fatigue test has been shown a significant
increment moving from 167 MPa and 208 MPa, it is reasonable to think that the fatigue limit of
the material under study falls within this stress levels. According to the previous argument, the
remaining two fatigue tests have been performed under constant amplitude stress levels above

200 MPa. The first constant amplitude fatigue test carried out with a stress level of 260 MPa
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(Figure 6.5a). Even in this case the temperature signal did not shown a stabilization phase, hence
the thermal gradient has been estimated (1.2x10* K/cycle). The second constant amplitude
fatigue test has been carried out with a stress level of 200 MPa (Figure 6.5b), showing a thermal
gradient of 3.41x10% K/cycle. Generally, the higher the stress, the higher the thermal gradient

during a fatigue test.

In order to estimate the fatigue limit by means of the TM, the thermal gradients of the three
fatigue test have been reported vs. the square of their corresponding stress level (Figure 6.6). It
is possible to evaluate the fatigue limit performing the linear regression of the data and making
the intersection of it with the stress axis. A value of 6o TmM=174.6 MPa has been found for the

fatigue limit assessed by the TM.

2.5
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Figure 6.5: Constant amplitude fatigue test: a) 260 MPa; b) 200 MPa.
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Figure 6.6: Fatigue limit assessed by TM.
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6.3.2. Energetic release during tensile tests

The specimen surface temperature evolution during static tensile tests has been recorded by
means of an IR camera in order to apply the STM. The difference between the instantaneous
temperature and the initial temperature of the surface at time zero (AT= Ti-To) has been related
with the applied stress synchronizing the load data from the servo-hydraulic axial load machine
with the one from the IR camera. The instant of failure of the specimen has been taken as the
reference. In order to better identify the different phases of the surface temperature evolution
and highlight the thermoelastic trend, a rlowless filter has been used to process the data,

considering a data span of 10%.

The first three static tests have been carried out at three different applied stress rates in order
to find out the best test parameter to meet the adiabatic condition. From the data acquired, the
best results are achieved with an applied stress rate of 120 MPa/min, which has been chosen to
carry out the remaining two static tests. In Figure 6.7 are reported the temperature trend of the
two tests performed under constant stress rate of 60 MPa/min and 180 MPa/min. As regard the
first stress rate of 60 MPa/min, in the initial part of the AT-t curve the thermoelastic behavior is
distinguishable, as well as the plateau region. It is possible to draw a linear regression line to
interpolate the data referred to the thermoelastic region, designated in the diagram as AT, and

another one to interpolate the data referred to the second phase, AT in the diagram.
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Figure 6.7: Temperature trend during static tensile test at a) 60 MPa/min; b) 180 MPa/min.

It 1s worth underlining that, in the interpolations explained above, the temperature values near
the transition between the thermoelastic and the thermoplastic regions have not been considered
(Experimental Temperature series). Solving the system of equations, it is possible to determine
the intersection point of the two straight lines, whose time coordinate allows to determine the
corresponding value of the applied stress, namely Giim. For the stress rate of 60 MPa/min, a value
of 169 MPa for the limit stress has been found. Triple the stress rate, from 60 MPa/min to
180 MPa/min, it became difficult to distinguish the two temperature phases. However, it is still
possible to draw two linear regressions and make their intersection with the same procedure
previously explained. For a stress rate of 180 MPa/min, a value of 181.9 MPa for the limit stress
has been found. For the other two applied stress rates the effect in terms of decrease in surface
temperature seems to be mitigate. This can be addressed, for the lowest rate, to the possible
exchanged heat with the surrounding environment due to the longer test time while, for the faster
rate, the excessive reduced time of the test do not allow the material to manifest the temperature

evolution clearly in each one of its phases.

As previously stated, the best adiabatic condition for the static tensile tests has been reached
adopting a stress rate equal to 120 MPa/min. In Figure 6.8 are reported the temperature trends of
the three tensile tests. The thermoelastic phase is clearly distinguishable as well as the deviation
from the linearity entering in the thermoplastic region and the further rapid temperature

increment before the final failure. For each test, it has been possible to draw the linear regressions
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and make their intersection evaluating the limit stress. The average value of the limit stress
evaluated on the three tests is ciim= 177.4+0.6 MPa. According to the considerations already
done in section 2.4, this stress value can be thought as the macroscopic stress that lead to the first
plasticization phenomena in the material. The limit stress value found by means of the STM is

really close to the fatigue limit assessed by the TM.
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Figure 6.8: Temperature trend for applied stress rate of 120 MPa/min.

6.3.3. Prediction of the temperature trend

The thermal behavior of the notched specimens during a static tensile test has been modelled
through a 3D elasto-plastic FE analysis. For each node of the volume surrounding the notch, the
first stress invariant I, i.e. the sum of the three principal stresses, and the plastic work per unit
volume have been evaluated. The results coming from the structural analysis have been adopted
as input for the temperature model presented in section 2.4.2, evaluating the thermal contribution
due to the elastic and plastic material behavior, and averaging it. The experimental and FE
temperature trends have been reported in Figure 6.9 vs. the stress level, referred to the specimen
reduced section, for the three static tensile tests performed with a stress rate of 120 MPa/min.
For the FE temperature model, the thermoelastic constant Ky, as calculated by literature data has
been adopted. Generally, the simulated thermal trend follows the experimental temperature
behavior, especially near the failure stress, where it experiences a rapid increment till breakage.
For the first and last tensile tests (Figure 6.9a, c), the FE simulations overestimates the
temperature trend, while for the second tensile test (Figure 6.9b) the simulated temperature trend

well fit the experimental behavior.
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Figure 6.9: Experimental vs. FE thermal behavior of notched AISI 1035 specimens during a
static tensile test.

Table 6.1: Thermoelastic constant for the static tensile tests.

Test S-120-02 S-120-04 S-120-05
Km [Pa’] 9.06x10™2 2.28x102 9.00x10™2

As regard the experimental thermoelastic constant K, it has been evaluated on the three
notched geometries. The linear regression of the experimental temperature data vs. the nominal
stress up to 100 MPa, where the temperature trend is expected to be perfectly linear, has been
performed and the value have been reported in Table 6.1. The thermoelastic constant values for
the first and third tests are nearly similar. On the other hand, the second tensile test thermoelastic

constant shows a different value compared to the previous two tests.

Discrepancies are also present for the limit stress, indeed the first plasticization in the FE model
appear for a nominal stress level of 290 MPa, higher compared to the experimental value of
177 MPa. These differences in the rise of plastic phenomena, as well as of the thermoelastic
coefficient may be addressed to the presence of local micro defect within the material near the
notch area (i.e. inclusion or machining defects) that may alter the local mechanical behavior and,

hence, also the thermal behavior of the material.
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6.4. Conclusion

In the present chapter, the fatigue assessment of medium carbon steel AISI 1035 blunt V-notch
specimens has been performed adopting several energy based methods: Thermographic Method

and Static Thermographic Method.

Experimental fatigue tests have been performed monitoring the specimens surface temperature
in order to estimate in a rapid way the fatigue limit of the material by means of the TM. Static
tensile tests have been performed adopting several stress rate to assure adiabatic test condition,
in order to evaluate the first deviation from the thermoelastic trend of the temperature signal.
Elasto-plastic numerical simulations have been performed in order to predict the specimen
thermal behavior under static tensile test and compare it to the experimental temperature trend,
showing how the local defect on the notch area can severally affect the fatigue strength of the

material.

The energy based methods can be adopted in order to estimate and predict in a rapid way the

fatigue life of notched mechanical components.
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7. HIGH STRENGTH CONCRETE

Cucinotta F, D ’Aveni A, Risitano A, Risitano G, Santonocito D. Thermal emission analysis to
predict damage in specimens of high strength concrete. Under submission.

Highlights

In this paper thermal analysis was applied to determine the “Critical Stress” of concrete,
different from its ultimate strength, able to produce the first damage in the structures under
compressive loads. The Critical Stress can be thought as the stress able to produce the beginning

of fatigue rupture within the material.

Several specimens of high strength concrete were tested in order to define the incipient crack
phenomena also in internal part of the specimen, not accessible by direct inspections, with the
aid of infrared thermography. A finite element analysis completes the study and compares, for

the same static loading conditions, the stress state with the experimental thermographic images.

The final results show as the coupling of normal compressive test and the acquisition of the
thermal images can be an useful aid to estimate a security stress value, indeed the Critical Stress,
before the Ultimate Serviceability Limit (SLU) of the structure, defined as the maximum load

condition before its failure.

Nomenclature
b Burges vector (depending on the characteristics of the material)
B = Mbpmv*/S
Cv Specific heat at constant volume [J/kg.K]
E Tangent modulus of elasticity [MPa]
fex Cylindrical compressive strength of concrete at 28 days [MPa]
Re Cubic compressive strength of concrete at 28 days [MPa]
K Thermoelastic coefficient [Pa™']
M Plastic modulus [MPa]
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Cross section area of the specimen [mm?]

Standard Deviation

Time test [s]

Specimen temperature [K]

Absolute experimental temperature of the specimen surface [K]
Absolute temperature variation [K]

Surface temperature variation of the specimen under static tensile test [K]
Amplitude of the micro fracture [mm]

Speed of sound in the material [m/s]

Gruneisen parameter

Poisson ratio

Mobile dislocation density [kg/m’]

Normal stress [MPa]

von Mises equivalent stress from FEM [MPa]

Critical Stress, concrete Critical Stress [MPa]

Average stress in the cross-section (load/area) [MPa]

Yield strength of material [MPa]

Thermal diffusivity [m?/s]

7.1. Introduction

Several bridges and civil structures disasters, like Genova Morandi’s viaduct, alert that the

cyclical creep may have been an additional cause of the catastrophic collapse of these structures.

Fatigue phenomena on civil structures, subjected to dynamic loads over time (atmospheric
phenomena, alternate loads and vibrations induced by vehicular traffic) lead to dangerous
cracking, limiting the life of the structures. Indeed, during the design phase it is necessary to

know not only the breaking limit of the concrete, but also the value of the “Critical Stress”, lower

than ultimate stress, for which irreversible cracking phenomena begins.
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It is also known that the fatigue characterization of the concrete and of the pre-compressed
concrete is not easy to perform due to the cost over time and to the necessary equipment for

significant fatigue tests.

In the last thirty years, many studies have shown that the temperature variation of a mechanical
component under stress is a good parameter for estimate the energetic release, hence the residual
fatigue life of the material [19,20,86]. Different papers showed as the thermal analysis applied
to steel specimens [3,69,142], to composite specimens [126,127,132], to welding joints [53]

permit to estimate the fatigue limit of the materials in easy and rapid way.

Indeed, according to the thermo-elastic theory, under adiabatic conditions, there is a direct link

between the applied stress and the temperature of the material.

In monoaxial tests, it is possible to define three phases of the temperature variation on the

specimen surface in relation to the applied stress (section 2.4, Figure 2.4):

e a first phase where there is a linear correspondence between the applied load and
temperature;

e a second phase where it is possible to observe the loss of linearity with a change of the
slope in the temperature-stress (or deformation) curve;

e a third phase in which there is a sudden increase in temperature up to the specimen

breakage.

The transition from the first to the second phase gives information about Critical Stress: this
stress, if applied in a cyclical way, will lead to failure. The concrete life is affected by different
factors, such as geometric ones, temperature variations, environmental and atmospheric effects
and vibration phenomena. Therefore, as for aeronautical structures, it is necessary to define more
accurate and programmed controls for some specific components during the design phase. The
Italian technical construction code (NTC 2018) [145] defines the Ultimate Serviceability Limit
(SLU) as the overload and breakage condition for a structure, even for fatigue damage. The same
code defines the Serviceability Limit State (SLS) as the concrete limit stress state which produces
crack, excessive deformation and fatigue damage that may locally affect the structural integrity.

No information is given about the concrete strength under cyclic loads, except for bridges.
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In the present chapter, a procedure to estimate the Critical Stress of the concrete in laboratories
is proposed. Although it is lower than the ultimate stress, it must be taken into consideration

during the design phase.

Furthermore, finite element analyses (FEA) were performed to qualitatively compare the stress
maps (numerical) with the related surface temperature maps (experimental). Finally, a careful

image analysis procedure has been carried out with the Matlab® software.

7.2. Materials and Methods

The 14 specimens were concrete cube of 15 cm side; the mix design per cubic meter is:

e inert for 1820 daN (4-16 size for 25%, 0-4 size for 65%, 0-2 size for 10%);
e cement CEM I 52.5 R for 410 daN; water for 172 litres;

e additive MAPEI "Dynamon NSG 1022" for 3.5 litres;

e density of the concrete 2404 kg / m?;

e class of consistency S4 with slamp tests 210 cm.

The tests were made with the CONTROLS C7600 machine with full scale of 5.000 kN. The
applied uniaxial compression stress rate was 1 MPa/s. The tests were carried out in load control

at constant speed (N/s). The thermal images were acquired by FLIR SC300 IR.

Figure 7.1 shows a concrete specimen loaded at left side and thermal image of the specimen
surface at the beginning of the test at right side. In the image at right side the analysed zones
(square) and the reference temperature of the tests (image zero) are indicated. The maximum
value of temperature within the five detection areas was recorded during the execution of the

tests with an acquisition frequency of 10 Hz.

In order to correlate the thermal images with the stress map of the specimen, a static finite
element analysis was conducted using Ansys® APDL. A cubic concrete specimen (Figure 7.2a)
with the same geometry of the ones adopted for experimental tests was modelled. As in the
experimental tests, the specimen was bonded with two rigid plates and the uniaxial load was

applied on it through the rigid top plate.
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Figure 7.1: a) adopted specimen; b) Thermal image of one face at the beginning of the test
with the analysed areas (square)

The concrete specimen was modelled with hexa SOLID186 element type and the material
characteristics of high strength concrete (E= 30 GPa, v= 0,2) with linear elastic behavior were
used. The contact zones between the plates of the test machine and the specimen were modelled
as a surface-to-surface contact using CONTAI174 elements for the specimen surfaces and
TARGE170 for the rigid plates. In the FE analysis a “rough” contact model was taken into
account since, as observed by Dai and Lam [146] on compressive tests of short concrete-filled
elliptical steel columns, a large friction model between the plates and the surface of the specimen

seems to adequately predict the contact behavior in tangential direction.

The rigid top plate was loaded at its pilot node and was fixed in all its d.o.f. except in the
vertical displacement direction, while the bottom rigid plate was totally fixed (all the six d.o.f.

are blocked) through its pilot node.

A convergence analysis (Figure 7.2b) on the vertical displacement of the central node of the
specimen was conducted with different lengths of the finite elements, ranging from 5 mm to 25
mm. In order to obtain a better resolution of the stress field on the external specimen surface,
31.114 finite elements of 5 mm size were chosen for an appropriate comparison with the thermal

images.
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Figure 7.2: a) Finite element model of the cubic concrete specimen and b) convergence

analysis on the vertical displacement of the specimen central node.

For a better presentation of the results, the image analysis of the acquired thermal maps has

been carried out, adopting a procedure developed in Matlab®, as follows:

Subtraction of the ambient temperature in order to emphasize the difference in
temperature of the sample surface. The ambient temperature was detected as the average
temperature inside a rectangular area outside the sample but with the same reflectivity.
Noise reduction by Gaussian filter with SD= 8. The Gaussian filter replaces the value of
each pixel with the weighted average value of the contiguous pixels. In this way the
thermal map is smoother and less influenced by noise and anisotropies.

Displaying by means of isotherm contours. The contours highlight better the different

thermal areas and help to better understand the behavior of the specimen.
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In Figure 7.3, an example of image analysis of the specimen surface temperature has been

reported for a determined load condition.

T b ek

(a) Absolute temperature (b) Relative temperature

(d) Isotherm contours [K]
oo . - 298.45

q 298.4

. 298.35
298.3

. 298.25

Figure 7.3: Thermal image processing steps: a) absolute temperature detected by IR camera;
b) the ambient temperature is subtracted; c) noise reduction by means of a Gaussian filter
(SD=38), d) the isotherm contours are plotted.

It is evident how the image processing allows to clearly improve the ability to distinguish the
colder areas from the warmer ones. Furthermore, the 3D surface mapping help to clearly render
the heat distribution on the external surface of the specimen, as in Figure 7.4Figure 7.5. The 3D
surface of the equivalent stress on the external surface of the sample, as predicted by the FEA,

is reported in Figure 7.. It shows the expected hourglass shape.
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Figure 7.4: 3D rendering of the experimental thermal map on the specimen surface.
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Figure 7.5: 3D rendering of the Equivalent stresses estimated by FEM on the specimen
surface.
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7.3. Results and analysis

A thermal analysis on concrete specimens during classic compressive static test was

performed. The temperature vs. time vs. stress diagrams shown:

e A linear trend typical of the thermoelastic phase. At this stage, there are no microcracks
and, therefore, the second term of equation (2.66) is not relevant.
e A second phase in which the points are well interpolated by means of a second straight

line with a different slope.

The intersection of the two lines defines the Critical Stress; where micro-faults begin to appear
in the internal structure of the concrete sample. In fact, the heat is released by plastic
deformations. In the analytical model, the contribution of the second term of equation (2.66)
increases more and more due to the effect of the applied compressive mean stress (om) with a

clearly visible temperature variation that continues until the specimen fails.

Figures 9.6-9 show the temperature recorded in characteristic points of the specimen surface

during the loading phase.
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Figure 7.6: AT vs time curve (blue points) and stress vs time curve (red line) for area AR0S of
Specimen 2.
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In Figure 7.6, related to second tested specimen, the temperature data for the center (AROS,
area no. 5 of Figure 7.1b) of specimen surface is reported. The intersection of the two straight

lines (in black) define the Critical Stress for the concrete oo at 44.2 MPa.
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Figure 7.7: AT vs time curve (blue points) and stress vs time curve (red line) for area AR04 of
Specimen 2.

In Figure 7.7, the data for the area located in the upper right corner (AR04, area no. 4 of the
specimen of Figure 7.1) are reported. The corner area AR04 shows a different trend compared
to the central area ARO5 for the same concrete specimen; in fact, the temperature drops

continuously. For area AR04, the change in slope is much less noticeable than in area AROS.

These behaviors are perfectly congruent with the stresses in the two examined areas:
compressive stress for the central area AR0O5 and tensile stress for the upper right corner area
ARO04. The next two figures (Figure 7.8 and Figure 7.9) are related to a different area of the test
performed on specimen no. 11. Also in this case, the previously seen phenomena are shown

again.

It can be summarized that in all tests, a temperature trend similar to the one already described
was observed. In particular, the temperate trend of area AR0O5 was used to determine the Critical
Stress on the stress-time diagram.
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Figure 7.8: AT vs time curve (blue points) and stress vs time curve (red line) for area AR0S5 of

Specimen 11.
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Figure 7.9: AT vs time curve (blue points) and stress vs time curve (red line) for area AR04 of

Specimen 11.
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Figure 7.10 shows a comparison of the picture taken after the breakage (a), the original IR
image (b) and the processed IR image (c) recorded immediately before the breakage of the
specimen no. 14. It is possible to observe the distribution of temperatures, linked to the stresses.
In the centre of the specimen it is completely different from the four corner areas (AR01-04).
This is due to the plate of the testing machine that activate a distorted tensional state. The value
of'the critical load at the corner, related to the intersections point of two temperature interpolating
straight lines, is about 1000 kN, despite the plate effect on the corner areas. This value is

practically comparable with the one recorded on the central area AROS.

(b) (©)

Figure 7.10: a) picture after the breakage of the specimen; b) original IR image and c)
processed IR image before of the breakage.

The temperature variation of the central area AR0S5 of all samples was examined to determine
the Critical Stress (oc) and reported in Table 7.1. The first column shows the number of the
specimen, the second column shows the value of the cubic compressive strength of concrete at
28 days R¢ [MPa] of the specimen, the third column reports the Critical Stress o [MPa]
referring to the central area and to the up right corner area. In the fourth column is reported their

ratio r = ocL/Rc. both for the central area and the up right corner area.
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Table 7.1: cubic strength Rc and Critical Stress o1, of the concrete.

Concrete Critical

Stress oL [MPa] r=0u/ Re

Strength

Specimen no. Re
[MPa] atthe  atthe  atthe  atthe

Center Corner Center Corner

1 82 45 43 0.55 0.52
2 77 54 46 0.70 0.60
3 88 68 58 0.77 0.66
4 79 51 46 0.64 0.58
5 84 47 53 0.55 0.63
6 79 47 44 0.59 0.56
7 84 43 44 0.51 0.53
8 73 52 53 0.72 0.73
9 101 60 38 0.60 0.38
10 80 51 53 0.64 0.67
11 89 49 36 0.55 0.40
12 84 47 42 0.55 0.50
13 82 31 40 0.38 0.49
14 82 53 42 0.65 0.51
Average 83.3 49.8 45.7 0.60 0.554

Standard Deviation

(SD) 6.51 8.42 6.56  0.0982 0.0996

Characteristic value
72.62 35.99 34.94
Rck:(Rcm' 1 ,64XSD)

In summary, the thermoelastic effect (first phase) of concrete is perfectly visible and the cubic
Critical Stress can be determined from the AT vs time curves (o= 36 MPa). This cubic Critical
Stress is slightly less than the Italian code compressive stress limit (Ge,max= 0.60xRc= 43,57
MPa) at the limit state serviceability (SLS) for the load characteristic combination (Italian code
NTC 2018 - paragraph 4.1.2.2.5.1). This small difference in values suggests to investigate the

effects of cyclical loads (wind effect for instance) also on the durability of civil structures.

In order to correlate the thermal images with the internal stress of the cubic concrete specimen,
a finite element analysis was conducted with a load equal to the previously found critical load of

about 1000 kN. The equivalent Von Mises stresses on the external surface of the cubic specimen,
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calculated by the FE analysis (on right) and compared with the thermal map (on left), is reported
in Figure 7.11. The values of the stress agree with the ones found experimentally and reported
in Figure 7.11b (about 50 MPa, central area), therefore the finite element model is well

calibrated.

In both the images reported in Figure 7.11 it is possible to highlight: the corner area (1) in
which there are both the maximum of temperature and stress; the central area (2) in which there
are the relative minimum values of the temperature and the relative maximum of the equivalent
stress; the lateral area (3) in which there are the relative maximum of temperature and the relative
minimum of stress; the contact area with the plates (4) in which there is the negative peak of

temperature, due to the heat dissipation caused by the steel plates and the local contact stresses.

T [K
exp [ ] Oeqv FEM [MPa]
v Ts] Te}
b . R
®© W W W W ®
[Te) =] i) =} 0
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(a) (b)

Figure 7.11: a) Thermal map and b) FEM Equivalent von Mises Stress for the critical load
(1000 kN).

Basically, the two colormaps have a roughly mirrored behaviour. This is due to the fact that
where there is an increase of the stresses, due to an expansion of the material, there is a
consequent lowering of the temperature. This behaviour is more evident on a median horizontal
section, in which the curve temperature and the correspondent equivalent stress curve appear

almost reflected (Figure 7.12).
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Figure 7.12: Experimental temperature and FEM equivalent von Mises stress curves on a
median horizontal section of the specimen.

The examination of the thermal images of all the specimens shows the possibility to identify

the lines and the areas in which the concrete material shall begin to fail locally.

In Figure 7.13, the stress distributions of four different load levels (500, 1000, 1500 and 1900
kN) calculated by FEM are compared with the experimental IR images of a specimen at the same
load levels. The colormaps of temperature and the equivalent stress at the four different load
conditions are reported using the same colorbar. The load equal to 1900 kN corresponds to the
failure start. In all the maps it is possible to observe the expected hourglass shape, due to the
freedom of expansion of the lateral specimen surfaces and to the constraints of the plates of the

machine.
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Figure 7.13: Comparison between a) experimental thermal and b) equivalent stress
distribution on the specimen.

For loads much lower than the ultimate load of the material (500 and 1000 kN), it is difficult
to identify the possible failure area, while the temperature line become more marked close to the
ultimate load. The temperature gives indications about the possible beginning of cracking within
the concrete specimen as is well shown for 1500 and 1900 kN loads. In particular, for loads close
to the concrete ultimate load it is easy to identify the path along which the specimen should
break. The stress maps reported in Figure 7.11 and Figure 7.13 show the usually hourglass shape,

as it was observed in the concrete specimens after the breakage (Figure 7.10a).
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7.4. Conclusion

In order to identify the Critical Stress value ccL , coinciding with the first local plasticization
(not visible to human eye), a test campaign was performed on 14 samples of high strength

concrete under classic uniaxial static compression tests using the thermographic technique.

The examination of the heat maps developed for four different load levels and of the related
stress maps obtained through FEM confirms the validity of the proposed procedure. According
to an experimental protocol, already adopted for other materials by Risitano et al. [3,69], the

Critical Stress oc1 (load/area of the cross section) can be defined.

The results of the research shown:

e The thermal analysis permits to identify the stress that produces the first local cracking
in the specimen. Load different and lower (50% -70%) from the breaking load Rex.

e The loss of linearity in the temperature - stress (strain) diagram, permits to associate
the Critical Stress of concrete to the stress value that defines the beginning of fatigue

phenomena.
On the basis of the results, it is possible to state also:

e The Italian code NTC 2018 (paragraph 4.1.2.2.5.1) for concrete, which identifies for
the Serviceability State Limit (SLS) the limit compressive stress 6c < (0.45 to 0.60) fu,
seems to be adequate.

e The procedure adopted permits, by means of static uniaxial compression test, to define
in a more accurate way the allowable stress in the legal field (0.45 to 0.60 fu).

e A suitable protocol test may be adopted, both in the testing stage and in the working
stage, as non-destructive method to determine the Critical Stress of the concrete

specimen or structure components.

The proposed method can be very useful in the pre-project phase in which the designer, with
easy compression tests, can know the value of the allowable compressive stresses for the load

combination at serviceability state limit (SLS).
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8. HIGH-DENSITY POLYETHYLENE

Risitano G, Guglielmino E, Santonocito D. Energetic approach for the fatigue assessment of
PE100. Procedia Struct Integr 2020,26:306—12. doi:10.1016/j.prostr.2020.06.039.

Risitano G, Guglielmino E, Santonocito D. Evaluation of mechanical properties of
polyethylene for pipes by energy approach during tensile and fatigue tests. Procedia Struct.
Integr., vol. 13, Elsevier B.V.; 2018, p. 1663—9. doi:10.1016/j.prostr.2018.12.348.

Highlights

Since its introduction in pipe applications more than 40 years ago, polyethylene (PE) has been
taking a growing place in gas and water distribution due to its low cost, lightness and good
corrosion resistance. Besides, long-term properties have been steadily rising due to the

development of novel PE-based materials. The present highest standard is the PE100 class.

Several laboratory tests are used to extract design data for long-term failure-type prediction
based on stress and time to failure relationship. It remains difficult to assess the relation between
creep and fatigue loadings on the one side. On the other side, the manufacturing process of the
test specimens influences considerably the obtained performance for viscoelastic materials

subjected to working conditions.

In present chapter, the mechanical properties of high-density polyethylene (HDPE), PE 100
class, for pipes were investigated using experimental techniques. Thermographic technique was
used during the static tests in order to identify the maximum stress zone and also during the
fatigue tests to study the temperature evolution of the specimen. The aim of this study is the

application of the Thermographic Methods for the fatigue assessment of PE100.

The author would like to thanks Plastitalia S.p.a for the support on this research activity.

Nomenclature
c specific heat capacity at costant pressure [kJ/(kg.K)]
f frequency [Hz]
K thermoelastic coefficient [MPa-1]
N number of cycles
Nt number of cycle to failure

131



PART II - Chapter 8 High-Density Polyethylene

R stress ratio

T surface temperature [K]

To initial temperature [K]

o thermal linear expansion coefficient [K-1]

€ strain

P density [kg/m’]

c stress [MPa]

C1 uniaxial stress [MPa]

Gmax maximum stress during fatigue test [MPa]

AT temperature increment during static test [K]

ATq temperature increment during fatigue test [K]

ATstab stabilization temperature during TM test [K]

AT estimated value of temperature for the first set of temperature data [K]
AT> estimated value of temperature for the second set of temperature data [K]

8.1. Introduction

Since its introduction in pipe applications more than 40 years ago, polyethylene (PE) has been
taking a growing place in gas and water distribution due to its low cost, lightness and good
corrosion resistance. Besides, long-term properties have been steadily rising due to the
development of new PE based materials. Lifetime prediction of polymeric materials has been
the subject of numerous studies[147—-150]. The present highest standard is PE 100 class (ISO
12162), high-density polyethylene (HDPE), which means that pipes made from such materials
should withstand a hoop stress of 10 MPa for 50 years at room temperature including a 1.25

safety factor.

The use of HDPE in applications requiring a long service lifetime such as for pressurized pipes
for water and gas, has dramatically increased in the last years. For the new generation of pipe
materials, a lifetime as long as 100 years is expected under normal operation conditions. To
ensure proper performance over such a long time, precisely predicting the behavior of the HDPE

pipes under the respective storage conditions is very important. Such information is usually
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acquired using accelerated laboratory aging procedures, one of which is the hydrostatic pressure
test, the most frequently and widely used method. Accelerated stress cracking test are also
commonly performed in surfactant environment in order to reduce test time, but transposition of

the results for predicting life time of pipes in natural conditions is not straightforward.

Deveci et al. in [151] discussed correlations of molecular weight, molecular weight
distribution, short chain branching and rheological properties of different polyethylene materials
with their slow crack growth resistances obtained from the strain hardening and crack round bar

tests and their correlations with notched pipe tests.

In [152], an experimental analysis for determining the fatigue strength of HDPE-100 under
cyclic loading is presented. The curve of cumulative fatigue damage versus number of cycles
(D-N) was deduced from stiffness degradation. Based on the three stage damage trend, the
remaining fatigue life is numerically predicted by considering a double term power damage
accumulation model. This model is found to be accurate, both in modeling the rapid damage
growth in the early life and near the end of the fatigue life. Numerical results illustrate that the

proposed model is capable of accurately fitting several different sets of experimental data.

The traditional methods of fatigue assessment of metallic and composite materials are
extremely time consuming. In order to overcome the above-mentioned problems, an innovative
approach for fatigue assessment of materials and structures has been proposed by La Rosa and
Risitano [2]: the Thermographic Method (TM). The Thermographic Method, based on
thermographic analyses, allows the rapid determination of the fatigue limit. A review of the
scientific results in literature, related to the application of the thermographic techniques to

composite materials have been presented by Vergani et al. [134].

An innovative approach to determinate the fatigue limit during tensile static test has been
proposed by Clienti et al. [86] for plastic material and by Risitano and Risitano [3] for metallic
material. In [86], authors suggest that during quasi-static tensile tests the area, where first
irreversible plasticization occurred, is detectable by the analysis of the T vs ¢ curve considering
the temperature change of the curve slope. This variation identifies the transition zone between
thermoelastic and thermoplastic behaviour, or in other words, the beginning of irreversible
micro-plasticization. The authors have suggested that in that transition zone, there is the damage
limit of material. This damage limit must be understood as the macroscopic stress value that

would cause the material to break if subjected to cyclic loading at any load ratio. Then, it is very
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close to the traditional fatigue limit. This approach, called Static Thermographic Method (STM),
correlated the first deviation from linearity of the temperature surface of the material during
tensile test to the fatigue limit. This was observed for basalt fibre reinforced composites by

Colombo et al. [126] and glass fiber reinforced composites by Crupi et al. [54,132].

This chapter investigates static and fatigue behavior for a high-density polyethylene (HDPE),
PE 100 class. The aim of this study is to apply for the first time both the TM and STM for the
fatigue assessment of HDPE comparing the results with the results obtained by the traditional
procedure, obviously taking into account that the polyethylene has different and more complex

fatigue mechanisms respect to metallic materials.

8.2. Materials and Methods

The material under study was a high density polyethylene, PE, commercially named PE100.
Table 8.1 shows the mechanical properties of the material by producer datasheet. Table 8.2

shows the values elaborated on 10 specimens by authors.

Table 8.1: Mechanical properties of PE 100 by datasheet.

Tensile Stress at Yield Tensile Modulus Tensile Strain at break Density
oy [MPa] E [MPa] er [%0] p [kg/m?]
25 1100 >600% 948
ISO 527-2 (50 mm/min) ISO 527-2 (1 mm/min) ISO 527-2 ISO 1872-2/ISO 1183

Table 8.2: Mechanical properties of PE100 elaborated on 10 specimens by the authors.

Tensile Stress at Yield Tensile Modulus Density
oy [MPa] E [MPa] p [kg/m?]
25.9+1.9 861491 948

1SO 527-2 (50 mm/min) ISO 527-2 (1 mm/min)

Dog bone specimens were injection molded (type 1A of the ISO 527-2:1993 standard) (Figure
8.1a). The static tests were carried out using an ITALSIGMA’s 25 kN servo-hydraulic load
machine at a crosshead rate equal to 5 mm/min with constant temperature and relative humidity
(23 °C and 50% RH). The tensile tests were carried out on 10 specimens and for 3 of them the

superficial temperature trend was monitored with the infrared camera FLIR A40 (Figure 8.1b).
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Eleven specimens, investigated under fatigue loading, have the same geometry of those used
for the static tests and are made with the same technological process. For all the fatigue tests, the

following parameters were used: stress ratio R= 0.1; test frequency f= 5 Hz.

Fatigue tests were performed at constant temperature and relative humidity (23 °C and 50%
RH). As previously mentioned, during all the tests the surface temperature of the specimen was
monitored with an IR camera. Two types of tests were performed. One series of fatigue tests (8
specimens) were carried out with a constant stress amplitude until failure. The other series of
tests (3 specimens) were carried out with increasing stress step until failure: for two tests, eleven
10.000 cycles loading step from 10 MPa to 20 MPa were used; while for the other test, nine
10.000 cycles loading step from 12 MPa to 20 MPa were used. The specimen fails when it
reaches an elongation equal to the elastic limit elongation of the material. This value was
obtained considering the maximum stress achieved by the specimens during the previous static
tests and it is equal to 6.9 mm.

LA

| Hydraulic

T EIINSIGMA J testing
| machine f
{ (ITALSIGMA)
i ' Y
._7' = S,

ﬁu iy ¥ ! N R Camera (FLIR A40)

(a) (b)
Figure 8.1: a) Stardard 1SO 527-2: 1993 specimen, b) Experimental setup.

8.3. Results and discussions
8.3.1. Static tensile tests

Static traction tests were performed on three PE100 specimens under displacement control,
with a crosshead speed of 5 mm/min. The IR camera allows the assessment of the specimen’s
surface temperature evolution during static tensile tests. The applied stress, evaluated as the ratio
between the force and the nominal cross section area of the specimen, is reported versus the

superficial temperature variation, estimated as the difference between the instantaneous
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temperature and the initial temperature of the surface recorded at time zero (AT =T; — To) (Figure

8.2).
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Figure 8.2: Temperature evolution vs. applied stress during static tensile test on PE100
specimens.

The temperature data has been filtered with a rlowess filter, with a data span of 5%, in order to
reduce the outliers and highlight the thermoelastic trend. In the initial part of the AT-t curve it is
possible to clearly distinguish the linear trend of the temperature, then it deviates from the
linearity reaching a zero-derivative region, suddenly it experiences a rapid increment. It is
possible to make two linear regression lines, the former for the first linear phase (early stage of
the temperature signal, AT fit point series) and the latter for the second phase (last stage before
the sudden increase in the temperature signal, AT, fit point series). An intermediate set of
temperature values between the AT and AT fit point series has not been taken into account in
the evaluation of the two regression lines (Experimental Temperature series). Knowing the
regression lines equations, it is possible to determine the intersection point of the two straight
lines. The corresponding value ofthe applied stress, namely limit stress ciim, has an average value
for the three tests of 12.0+£1.0 MPa. It could be related to the macroscopic stress that introduces

the first irreversible plasticization phenomena in the material.

8.3.2. Fatigue tests

Fatigue tests at constant amplitude values of the stress range were carried out until failure at a
stress ratio R=0.1. The temperature of the specimen surface was detected by an IR camera during

each fatigue test. Figure 8.3 shows the typical AT vs N curve, during a fatigue test at Gmax= 17
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MPa, showing the three phases of TM: an initial rapid linear increment (phase I), an another
linear increment with lower slope (phase II) and a sudden increase just before the specimen
failure (phase III). The three different phases of TM are also evident, for the same specimen, in

the thermal image sequence of Figure 8.4.
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Figure 8.3: Temperature trend during a constant amplitude fatigue test on PE100.
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Figure 8.4: Temperature evolution during a constant amplitude fatigue test assessed by
infrared camera.

A second series of fatigue test has been performed adopting a stepwise increase of the
maximum applied stress from 10 MPa to 18 MPa, with a test frequency of 5 Hz and stress ratio
R= 0.1. In Figure 8.5 is reported the typical trend of such a kind of fatigue test. As the stress
increases, the superficial temperature detected by the infrared camera increases, then it reaches
a stabilization phase. This trend is repeated for each stress level till the specimen failure. Figure

8.6 shows the fatigue limit predicted by the TM using the stabilization temperature applied to all
138



PART II - Chapter 8 High-Density Polyethylene

the eleven fatigue tests (constant amplitude and stepwise). As recommended in [17], two distinct
linear regressions have been drawn; the x coordinate of the point in common to the two straight

lines is the fatigue limit. It is very interesting to note that the fatigue strength is 11.32 MPa.
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Figure 8.5: Temperature trend during a stepwise fatigue test on PE100.
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Figure 8.6: Fatigue limit assessed by means of the TM (constant amplitude and stepwise tests).

In Figure 8.7 are reported in a bi-log S-N plot the fatigue strength of the constant amplitude
tests. Two tests per stress level have been performed, adopting a number of cycle for run out of

Na= 1x10°. The set of data shows an inverse slope k= 7.23 and the fatigue limit with a 50%

139



PART II - Chapter 8 High-Density Polyethylene

probability of survival evaluated at Na is equal to 11.4 MPa. In the same plot is reported the

scatter band with one standard deviation for the limit stress assessed by STM.
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Figure 8.7: Comparison between the limit stress and the traditional fatigue tests.

As is possible to note, both failure and run out tests falls within the limit stress scatter band
assessed by means of the STM. Also the fatigue limit estimated by traditional fatigue tests and
TM, fall within the previous scatter band, hence is possible to establish a direct relation between
the fatigue limit of the material and the limit stress evaluated adopting the STM. This value, if
cyclically applied to the material, will lead to local plasticization phenomena, hence to fatigue
failure. The STM could provide a good estimation of the fatigue limit adopting a limited number
of specimens and a short amount of time, approximately 5 minutes per test, compared to the
traditional fatigue test procedure, which requires a large amount of specimens and a long test
time, especially for those materials that cannot be tested at higher frequencies (i.e. plastic and

composite materials) due to the self-heating phenomena [25].
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8.4. Conclusion

In this chapter the energetic release during tensile tests on high-density polyethylene (PE100)
specimens has been evaluated. The mechanical properties of the material have been assessed and
compared to datasheet values showing good agreement. The IR camera allowed the application
of the Static Thermographic Method, monitoring the specimen’s surface temperature during
static tensile tests. The average value of the limit stress has been evaluated as the stress level at
which the temperature deviates from its linear trend, obtaining an average value of 12.0+1.0 MPa
on three tests. This value has been compared with the fatigue limit estimated by Thermographic
Method (11.32 MPa) and traditional fatigue tests showing a direct relation with the fatigue limit
of the material with 50% probability of survival (11.4 MPa).

The Static Thermographic Method could be adopted as a fast test procedure able to predict the
fatigue properties of the materials from a uniaxial static test in a very short amount of time and

with a very limited number of specimens.
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9.3D-PRINTED POLYAMIDE-12

Santonocito D. Evaluation of fatigue properties of 3D-printed Polyamide-12 by means of
energy approach during tensile tests. Procedia Struct Integr 2020;25:355-63.
doi:10.1016/j.prostr.2020.04.040.

Highlights

Rapid prototyping and Additive Manufacturing are experiencing a continuous and rapid
growth in different industrial fields, ranging from automotive to biomedical applications. They
allow the creation of a wide range of devices in a short time with several materials, such as
polymers and metals. On the other hand, the manufacturing process considerably affects the
performance of the obtained 3D-printed materials and different laboratory tests are required in
order to assess the mechanical properties, especially the fatigue behavior, of these materials. The
aim of this chapter is to apply, for the first time on 3D-printed materials, the Static

Thermographic Method for the fatigue assessment of Polyamide-12.

The tests were performed on specimen made of Polyamide-12 printed with the Multijet Fusion
(MJF™) printing system. A first series of static tensile tests was performed on three specimens
with constant displacement rate. The superficial temperature was monitored by means of an
infrared camera and the limit stress was evaluated. A second series of fatigue tests with constant
amplitude and fully reversed load was performed on seven specimens and compared with the
limit stress showing good agreement. An optical analysis of the fracture surfaces was performed

on both the static and fatigue tested specimens.

The present work is the result of the collaboration between the Engineering Department of the

University of Messina and the rapid-prototyping company Skorpion Engineering.

Nomenclature
c specific heat capacity of the material [J/kg.K]
E Young’s Modulus [MPa]
K thermoelastic coefficient [MPa™]
R stress ratio
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t test time [s]

T, Ti instantaneous value of temperature [K]

To initial value of temperature estimated at time zero [K]

v displacement velocity [mm/min]

o thermal diffusivity of the material [m?/s]

AT absolute surface temperature variation during a static tensile test [K]

ATi, AT,  estimated value of temperature for the first and second set of temperature data [K]

€, &f strain, strain at failure

€1, & strain level for elastic modulus linear regression

P density of the material [kg/m?’]

o, O] stress level, uniaxial stress [MPa]

oD critical macro stress that produces irreversible micro-plasticity [MPa]
Olim fatigue limit estimated with the Static Thermographic Method [MPa]
ou ultimate tensile strength [MPa]

9.1. Introduction

Additive Manufacturing (AM) is spreading in several industrial fields [153] such as automotive
[154], aerospace and aeronautics [155] and biomedical [156,157]. Combined with topology
optimization it allows the creation of many devices with a variety of shape and functional design
unattainable through traditional mechanical process [158—160]. Rapid prototyping enables the
creation of final products directly from the CAD file, requiring design strategy in order to avoid
the physical testing, adopting advanced simulation, structural optimization and failure
prevention methods [114]. On the other hand, AM materials presents several issues due to the

uncertainty of their mechanical performances.

Many authors have investigated the mechanical properties of AM materials, both polymers
[161,162] and metals [163,164]. Especially the fatigue properties require a huge amount of time
and a large number of specimens in order to be assessed, hence the infrared thermography (IR)

could be a valid aid in the investigation of these properties. It has been applied on different
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materials subjected to several loading conditions: notched and plain steel specimens under static
and fatigue tests [3,68,69], laminated composites under tensile static loading [134], polyethylene
under static and fatigue loading [137], short glass fiber-reinforced polyamide composites under
static and fatigue loading [132], steels under high cycle [44,50,64,142] and very high cycle
fatigue regimes [10,12].

In 2000, La Rosa and Risitano, proposed the Thermographic Method (TM) as an innovative
approach based on thermographic analyses of the temperature evolution during the fatigue tests
in order to predict the fatigue limit and the S-N curve [46]. In 2013, Risitano and Risitano
proposed the Static Thermographic Method (STM) as a rapid procedure to derive the fatigue

limit of the material evaluating the temperature evolution during a static tensile test.

The aim of this research activity is the application of the STM during static tensile tests for the
first time on a 3D-printed plastic material. Tensile tests were carried out and IR thermography
has been adopted during all the static tests in order to evaluate the energetic release of the
material. This research activity is part of the collaboration between the Department of
Engineering of the University of Messina and the rapid-prototyping company Skorpion

Engineering.

9.2. Materials and Methods

Static tensile test were performed on specimen made of 3D-printed Polyamide-12, according
to the geometry prescribed by the ASTM D638 standard, with a nominal cross section of 13 mm
x 7 mm (Figure 9.1a). The specimens were realised with a HP Jet Fusion 3D 4200 printer, along
the XY plane, adopting the polymeric powder HP 3D High Reusability PA12, with a powder
melting point (DSC) of 187°C, particle size of 60 um and bulk density 0.425 g/cm?. The printer
adopts the Multijet Fusion (MJF™) printing system: it is a powder-based technology without the
adoption of a laser source. The powder bed is preheated uniformly and a first layer of liquid
fusion agents is deposited on the printing plane, later a second layer with detailing agents is
deposited in the points where the material need to be melted. A source of infrared energy, usually
planar lamps, pass over the surface of the bed allowing the powder fusion. The process continues,
layer by layer, up to the completion of the component. The specimens were printed adopting the
“Fast” printing profile, which ensure a rapid printing process, but with lower mechanical

properties compared to the “Mechanical” profile.

144



PART II - Chapter 9 3D-Printed Polyamide-12

The tests were performed with a servo-hydraulic load machine ITALSIGMA 25 kN with a
crosshead rate equal to 5 mm/min, at constant temperature and relative humidity (23°C and 50%
RH) (Figure 9.1b). The tensile tests were carried out on three specimens and an infrared camera
FLIR A40, with a sample rate of 1 image per second, was adopted to monitoring the specimen’s
surface temperature. Longitudinal displacements of the specimen were assessed by means of a
Digital Image Correlation system GOM Aramis 3D 12M. The specimen surfaces were coated

with high emissivity black paint on one side while with a speckle pattern on the other side.

A series of fatigue tests at constant amplitude was performed on seven specimens of the same
geometry of the previous ones, with a stress ratio R= 0.1 and a test frequency = 3 Hz. After the
tests, the fracture surfaces of the specimens were analysed adopting a high definition optical

microscope LEICA.
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Figure 9.1: a) Specimen geometry and building characteristics, b) experimental setup.
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9.3. Results and discussions
9.3.1. Mechanical properties

Static traction tests were performed on three specimens under displacement control, with a
velocity of 5 mm/min. The DIC was adopted in order to assess the local displacement on the
specimens while the IR camera was adopted to monitor the superficial temperature evolution. In
Figure 9.2 are reported the engineering curves for the three tested specimens. The stress is
evaluated as the ratio between the force and the nominal cross section area of the specimen,
while the strain as the ratio of the distance variation of two spot over their initial distance (Lo=
10 mm). The Young’s Modulus has been evaluated as the linear regression of the stress vs strain

between £1=0.0005 and £=0.0025.
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Figure 9.2: Engineering curve and mechanical properties for PAI2.

As observed by Stoia et al. (2019) for SLS 3D-printed PA2200, this kind of material exhibit a
linear elastic behavior followed by a smooth hardening until failure, and, in addition, it is not
possible to assess a yield point. Considering the values of the mechanical properties for PA12
Type I specimens printed with “Fast” profile along XY direction, as reported by the manufacturer
datasheet, it is possible to note how they fall within the range of the average and one standard
deviation for the three tests. The mechanical properties are also in agreement with the ones found

by Lammens et al. [165] for Selective Laser Sintering PA12 specimens, tested at 5 mm/min. For
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PA12 specimens obtained by MJF™ system, O’Connor et al. [162] found lower values of the
elastic modulus (E=~1240 MPa) and higher elongation at break (e= ~0.19), while Morales-

Planas et al. [166] a lower elongation at break (e= ~0.05).

9.3.2.Static Thermographic Method and Fatigue Limit

During static tensile tests, the evolution of the specimen’s surface temperature has been
evaluated by means of an IR camera. The applied stress is reported versus the specimen’s surface
temperature variation, estimated as the difference between the instantaneous temperature and the

initial temperature of the surface recorded at time zero (AT = T; — To) (Figure 9.3).

The temperature data has been filtered with a rlowess filter, with a data span of 10%, in order
to reduce the outliers and highlight the thermoelastic trend. In the initial part of the AT-t curve it
is possible to clearly distinguish the linear trend of the temperature, then it deviates from the
linearity reaching a plateau region, suddenly it experiences a rapid increment. It is possible to
draw two linear regression line, the former for the first linear phase (early stage of the
temperature signal, AT, fit point series) and the latter for the second phase (last stage before the
sudden increase in the temperature signal, AT> fit point series), not taking into account the

temperature values near the slope change (Experimental Temperature series).
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Figure 9.3: Temperature evolution vs. applied stress during static tensile test on PAI2
specimens.

Solving the system of equations, it is possible to determine the intersection point of the two
straight lines. The corresponding value of the applied stress, namely Giim, could be related to the
macroscopic stress that introduces the first plasticization phenomena in the material. For the

three static tensile tests an average value of 29.44+1.6 MPa has been found for the limit stress.
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Useful information can be also retrieved observing the temperature trend. In particular, it is
possible to define a yielding stress in correspondence of the temperature zero-derivative flex
region, in the transition point between Phase II and Phase III. This stress can be thought as the

macroscopic stress at which the majority of the material crystals are under plastic condition.

A series of fatigue tests has been carried out with constant stress amplitude, equal to 28 MPa
and 30 MPa. In Figure 9.4 are reported in a S-N plot the test results, adopting a number of cycle
for run out of Na= 2x10°. In the same plot are reported the average value and the scatter band
with one standard deviation for the limit stress assessed by STM. As is possible to note, both
failure and run out tests falls within the scatter band; hence the stress value assessed by means
of the STM could be related with the fatigue limit of the material. However, several traditional

fatigue tests have to be carried out to obtain the S-N curve and the fatigue limit of the material.
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Figure 9.4: Comparison between the limit stress and the traditional fatigue tests.

9.3.3. Fracture surfaces

After static and fatigue tests the fracture surfaces have been evaluated through an optical
microscope. In Figure 9.5, are reported the fracture surfaces of a sample per test typology; the
other samples exhibit the same behavior. As regard to the static tests (Figure 9.5a), the fracture
surfaces show the classical aspect of a ductile failure, with small plastic deformation. In all of

the static fracture surfaces are clearly visible a series of defects due to the lack of powder melting.
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In particular, defects with a diameter of about 1 mm has been found surrounded by non-melted

powder where it is possible to distinguish the different layers.

Fatigue fracture surfaces show a smoother profile, typical of a brittle failure (Figure 9.5b). The
surface appears darker than the static case and this could be addressed to the increase in
specimen’s temperature due to the fatigue tests frequency [25]. Defects due to the lack of powder
melting, with an average diameter of 0.3 mm, have been found. Also in this case, the different
layers of material could be observed near the circular defects area, with an average length of the
cracks equal to 0.6 mm. From the analysis of the fracture surfaces it is evident how the printing
process affects the mechanical properties of the materials both under static and fatigue tests

[167].

Figure 9.5: Fracture surfaces for: a) static tensile tests, b) fatigue tests.

9.4. Conclusion

In this chapter the energetic release during tensile tests on 3D printed polyamide-12 specimens
has been evaluated. The mechanical properties of the material have been assessed and compared
to other authors and datasheet values showing good agreement. During the same tensile tests,
the IR camera allowed the application of the Static Thermographic Method, monitoring the

specimen’s surface temperature. The average value of the limit stress has been evaluated as the
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stress level at which the temperature deviates from its linear trend, obtaining a value of 29.4+1.6
MPa. This value has been compared with traditional fatigue test showing a relation with the
fatigue limit of the material. Micrographic analysis of the fracture surfaces have been performed
showing how the printing process severally affects the mechanical properties of the material

under static and fatigue loading.

The Static Thermographic Method could be adopted in rapid prototyping process as a fast test
procedure able to predict the fatigue properties of the 3D-printed materials from a conventional

static test in a very short amount of time and with a limited number of specimens.
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10. COMPOSITE MATERIAL PA66GF35

Santonocito D. Numerical and experimental evaluation of the energetic release during
tensile tests on short fiber reinforced composite material. Under review (presented at national
machine design conference AIAS2020, Juniores Session)

Highlights

In this chapter, a simple numerical model is presented in order to evaluate the energetic release
of short fiber composite PA66GF35 under static tensile tests. The micro-mechanical behavior of
the fiber-matrix system was taken into account, as well as the fiber distribution and orientation.
Numerical simulation at macro scale level were carried out to predict the temperature evolution

of the material under monotonic load.

Experimental validation was performed on dog-bone specimens monitoring the surface
temperature with an infrared camera. A deviation from the linearity of the thermoelastic effect

has been noticed for a stress level below the yielding strength of the material.

The analysis of the temperature trend evolution may be a useful aid in order to identify damage
initiation within the material that would lead to failure, especially under fatigue load, even

adopting a simple and rapid static tensile test.

Nomenclature
c specific heat capacity of the material [J/kg.K]
dr diameter of the fiber [um]
E Young’s Modulus [MPa]
Lis First stress invariant [MPa]
K thermoelastic coefficient [Pa™!]
I¢ fiber length [um]
L matrix cylinder length [pm]
S matrix cylinder diameter [pum]
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t test time [s]

T, Ti instantaneous value of temperature [K]

To initial value of temperature estimated at time zero [K]

Wp Plastic work per volume unit [Nmm/mm®]

o linear expansion coefficent [K™']

AT absolute surface temperature variation during a static tensile test [K]

AT estimated value of temperature for the first set of temperature data [K]
AT, estimated value of temperature for the second set of temperature data [K]
€, € € strain, strain at failure, average strain

p density of the material [kg/m?’]

v Poisson coefficient

c,C stress level, average stress [MPa]

Oy yielding stress [MPa]

OR ultimate stress [MPa]

Glim Exp, Olim FEM limit stress estimated with the Static Thermographic Method [MPa]

experimental, simulated

10.1. Introduction

In the recent years, infrared thermography has been adopted to monitor the fatigue behavior of
several class of materials [136,137,142], even composite material [132,168]. In 2013, Risitano
and Risitano [3] proposed the Static Thermographic Method (STM) as an innovative test
procedure able to estimate the onset of damage processes within the material evaluating the
energetic release during a static tensile tests. The macroscopic stress level at which a deviation
from the linearity of the thermoelastic trend is observed correspond to the stress that introduce
in the material irreversible damage. Clienti et al. [86] for the first time observed such behavior
and correlates it to the fatigue limit of plastic materials. The same behavior has been observed

also in basalt fiber composites [126] and glass fiber reinforced materials [169].
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It is difficult to model the internal micro structure of the materials, especially for metals, and
correlate it to the macroscopic behavior; but, on the other hand, the internal structure of
composite material is well known. The material under study is a composite material of the class
PA66GF35, which has been investigated by several authors in literature. Sato et al. [170]
analyzed the damage evolution on this class of composite under static and fatigue tests and
proposed a micro failure model. Bernasconi et al. [171] analyzed the influence of the fiber
orientation on the fatigue behavior of short glass fiber reinforced PA6 composites. De Monte et
al. [172] studied the influence of the temperature and thickness of specimens retrieved at several
orientations respect the Mold Flow Direction (MFD). Adopting the infrared thermography,
Belmonte et al. [173] studied the damage mechanism on plain and notched specimens of
reinforced polyamide. Several authors have focused their study on modelling the fiber-matrix
interaction of composites material [174]. Horst et al. [175] created a finite element model to
investigate the stresses at fiber and matrix interface of glass fiber reinforced polyamide

composites and compared it to experimental results.

In this chapter, a first attempt to understand the link between the internal micro structure and
its micro failure mechanism on the overall energetic release of a composite material is
performed. Numerical simulations are carried out in order to predict the onset of damage within
the material while the STM is applied on dog-bone specimens in order to verify the damage

model.

10.2. Materials and Methods

The material under study was a composite obtained by injection molding process of the type
PA66GF35. In this kind of material, the matrix phase in composed by aliphatic polyamide 66
while the fiber is made of glass and it is dispersed in the matrix with a weight percentage of 35%.
Three specimens of the Type 1A according to ISO527 standard where retrieved from a plate
along the mold flow direction (MFD, 0° orientation) (Figure 10.1a). The specimens were
subjected to natural ageing at room temperature for about 4 years. In Table 10.1 are reported the
mechanical properties as declared by the manufacturer. The specimens were tested under
displacement control, with a crosshead speed of 5 mm/min, adopting a servo-hydraulic test
machine ITALSIGMA 25kN (Figure 10.1b). During the tests the superficial temperature was
monitored with an infrared camera FLIR A40 with a sample rate of 1 image per second. The

superficial strains were assessed by means of a stereo cameras Digital Image Correlation (DIC)
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system, with a resolution of 4000 x 3000 pixels and focal length of 50 mm. The system accuracy

for the strain measurement is up to 0.01%, and the images were acquired at 1 Hz.

Table 10.1: PA66GF35 mechanical and thermal properties as declared by the manufacturer.

. . . . . Linear
Tensile Tensile Fiber Fiber . Specific :
Strength Modulus length Diameter Density heat expansion
coefficient
or [MPa] E [GPa] I [um] d [um] [kg'/’mg] ¢ [J/kg K] o [K]
150210 8.7+11.4 280 10 1410 1670 2.5x 107

‘ ' : 'W\ b
. ITALSIGMA [ Pacoarss
25kN A

(a) (b)

Figure 10.1: a) specimen geometry according to ISO527; b) Experimental setup.

In order to assess the micro failure behavior of the composite, a 2D finite element model was
created with Ansys APDL. The material properties of the fiber and matrix adopted are reported
in Table 10.2. The fiber-matrix system was modelled as a cylinder (fiber) within another one
(matrix) taking into account the volume percentage of the fiber respect to the matrix (V=
1d*/LS?) [176]. The geometrical characteristics of the model are reported in Figure 10.2, were a
total number of 6900 PLANE183 elements were adopted. Axial symmetry boundary condition
was adopted for the system, while the bottom elements were fixed and a displacement for the
top ones was imposed in order to achieve the 3% of strain. As regards the right matrix elements,
in order to avoid the formation of internal cracks, the displacement along the x direction were

coupled together and equal to the matrix node far away from the fiber tip [175].
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Table 10.2: Material properties of fiber and mantrix for FE model.

Mechanical p
behaviour E [GPa] oy [MPa] v [kg/m’]
Fiber Linear
(Glass) elastic 2 ) 022 24
Matrix Von Mises 3] 51 0.4 1.16

(PA66) Yielding

displacement

=Ux,

=Ux=...

Ux,

6900
elements
PLANE183

matrix ‘

Figure 10.2: Micro mechanical Finite Element model.

The stress-strain behavior was evaluated with the same procedure proposed by several authors

[176,177], where the stress and strain are estimated as average values over the element volumes

according to the following equations:

N N

= 1 k = 1 k

O':VZ Vko-ij EZVZ ngl'j (101)
k=1 k=1
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A 3D macro mechanical model of the Type 1A specimens were also modelled adopting 1/8"
of the geometry (Figure 10.3), in order to apply the temperature model developed in section

24.2.

PA66GF35 Specimen
1/8™ geometry

v <Z 1536 elements
'ﬁ SOLID186

Figure 10.3: Macro mechanical Finite Element model of the PA66GF35 Type 1A specimen.

Hexahedral 20-node SOLID186 elements were adopted and after a calibration procedure, a
total number of 1536 elements were chosen. In order to emulate the static traction tests, an
imposed displacement to the grip nodes was applied. The composite material was modelled as a
homogeneous isotropic material with elasto-plastic behavior. The engineering curve coming
from the DIC system was adopted and it was corrected taking into account the damage
mechanisms assessed by the micro mechanical FE model. As regard the fiber orientation, the
injection molding process creates a typical sandwich structure, where the fibers in the shell
regions (near the mold walls) are directed along the MFD, while in the core region they are
almost perpendicular to the MFD. Since it was observed by several authors that the core region
is about the 5% of the specimen thickness [178,179], taking into account the small thickness of
the adopted specimens, the core region was neglected and all the fibers within the composite
were considered aligned to the MFD and hence to the load direction. The first stress invariant
and the plastic work per volume unit of a volume of about 2 mm region of the specimens reduced

section were retrieved.
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10.3. Results and discussions
10.3.1. Experimental test

Static tensile tests were performed on three specimens adopting a crosshead velocity of 5
mm/min. The crosshead velocity has to be choose properly in order to assure adiabatic test
conditions, i.e. the specimens are not allowed to exchange heat with the environment. The
superficial temperature trend was monitored with an infrared camera and the obtained
temperature signal was filtered with a rlowess filter, with a data span of 10%, in order to reduce
the outliers and highlights the thermoelastic trend. In Figure 10.4, the nominal stress versus the
specimen’s surface temperature variation, estimated as the difference between the instantaneous
temperature and the initial temperature of the surface recorded at time zero (AT = T; — To) are

reported.
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Figure 10.4: Experimental temperature trend vs. stress level during a static tensile test on
PA66GF35 Type 14 1SO527 specimen.

In the initial part of the AT-t curve it is possible to clearly distinguish the linear trend of the
temperature, then it deviates from the linearity reaching a plateau region. It is possible to draw
two linear regression line, the former for the first linear phase (early stage of the temperature
signal, AT fit point series) and the latter for the second phase (last stage before the sudden
increase in the temperature signal, AT> fit point series), not taking into account the temperature

values near the slope change (Experimental Temperature series). Solving the system of
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equations, it is possible to determine the intersection point of the two straight lines. The
corresponding value of the applied stress could be related to the macroscopic stress that leads to
irreversible damage phenomena in the material. The limit stress has been evaluated on three tests,

obtaining a value equals to 34.1+3.8 MPa.

10.3.2. Micro failure within the material

Prior to modelling the micro mechanical failure of the composite material it is important to
observe the damage evolution during a static traction test. Sato et al. [170] observed the
progression of the damage within a composite with PA66 matrix and dispersed glass fibers
during static tensile and fatigue tests adopting the SEM technique. They observed as the fiber tip
does not contribute to the load transfer between the fiber and the matrix, hence the matrix can be
thought as not bonded with the fiber ends. For low stress levels, micro voids at fiber end regions
are observed and, as the load increases, interfacial micro failure of the matrix along the fiber
length arises. Then the micro cracks propagate within the matrix up to reach a very large plastic
deformation with catastrophic failure of the whole composite. From the micro mechanical FE
model the stress-strain curve has been evaluated, as well as the plasticity evolution within the
matrix phase. As done by Kang et al.[176] for metal matrix composite material, in Figure 10.5
are reported the engineering stress-strain curve obtained from the micro mechanical FE model
up to 1.7% of strain (for higher deformation, FE values were not reliable) and from the static
traction test performed on a specimen, assessed with DIC method. The experimental PA66GF35
curve exhibits, for the same strain level, higher stress values compared to the FE curve. The
estimated elastic modulus (29.7 GPa, according to ISO527 standard) is considerably higher
compared to the manufacturer data. On the other hand, the estimated elastic modulus of the FE
curve (11.3 GPa) is almost near the upper bound value of the range declared by the manufacturer.
The differences in the mechanical behavior of the experimental and simulated stress-strain curve
may be due to not have taken into account, in the FE model, the viscoplastic behavior of the
matrix and to the excessive ageing of the tested specimens. In the same figure are reported some
images extracted from the FE model with the representation of the “stress ratio” parameter, i.e.
the level of plasticity of one element, as estimated by the ANSYS software (blue=fully elastic,
red=fully plastic). As the strain level increases, the plastic area in the matrix increases. For a
strain level of about &= 0.002, the fiber matrix debonding region reaches the 5% of the fiber
length. Such a strain level can be considered as the limit strain level where irreversible micro
failure arises within the material. For higher strain levels, the plastic area increases in a similar

way as observed by Sato et al.
159



PART II - Chapter 10 Composite material PA66GF35

120 . T T T T T T T
Eng. Curve PA66GF35 -
FEM -
100 - = =— =Exp.DIC
80
‘=
[a
= 60r
o .
Stress Ratio
0
|
| J111111 -
40 — 7]
.333333
|
= 444444
.555556
E1 666667
—1 -
20 Fiber-Matrix £ ggéggg
.  ;
debonding 1
~5% 1.
1 1 L 1 . :

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018
S

Figure 10.5: Comparison between Experimental and Numerical (FE) engineering curve for
PA66GF35. Evolution of the plasticization within the matrix.

10.3.3. Predicting the temperature evolution

From the micro mechanical FE model, the minimum strain level at which damage begin within
the composite material has been assessed; hence, in order to model the overall plastic behavior
of the specimen, the experimental stress-strain curve of the material has been redefined
considering the material as isotropic elastic till e= 0.002, then it has been considered as a plastic
material adopting an isotropic multilinear plasticity model. The core region generated by the
injection molding process (fiber aligned perpendicularly to the MFD) has been neglected,
considering its small presence in the specimen volume, while the overall specimen has been
considered as oriented along the MFD. A displacement on the grip section nodes has been
imposed and the first stress invariant and the plastic work per unit of volume have been evaluated
from the finite element simulation of the specimen. Due to the ageing of the material under study,
the thermoelastic constant K, has been directly evaluated from experimental data performing a

linear regression of the relative temperature variation versus the stress. In Figure 10.6 are
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reported the experimental filtered temperature and the numerical prediction of the temperature
according to the model presented in section 2.4.2. By observing the experimental trend, the three
different phases are evident. In the first phase the temperature trend is perfectly linear, then for
a stress level of 31.5 MPa it deviates from the linearity reaching a plateau region where it is
almost flat. When the stress level is equal to 95 MPa, a very high further temperature increment
is experienced till the specimen failure. The temperature trend predicted by the FE simulation
adopting the corrected stress-strain curve for the same specimen of the experimental test,
perfectly follow the linear trend of the experimental temperature up to the stress level of 32.7
MPa, where the specimen experiences the first micro failure. From that point, the temperature
slightly increases and, in the third phase, it experiences the same asymptotical increase of the
experimental trend. The limit stress assessed by the FE simulation is in good agreement with the
experimental value. The knowledge of the micro failure within the material has allowed a good

prediction of the macro failure of the composite material analyzing the energetic release.
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Figure 10.6: Energetic release of PA66GF35. Comparison between experimental and
simulated temperature trend.

10.4. Conclusion

Understanding the internal micro structure of the material and the micro failure mechanism
under static loads is fundamental in order to predict failures. In this chapter, moving from the

observation of the micro damage mechanism of a PA66GF35 composite material, a finite
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element simulation has been carried out in order to assess the strain level at which irreversible
damage begin within the material. This information has allowed to redefine the stress-strain
curve of the material assessed experimentally, taking into account the plastic behavior of the
material. Numerical simulation has been carried out at macroscopic scale in order to predict the
energetic release of the material. The simulated temperature trend has been compared with the
experimental ones, performed on the same specimen geometry, showing good agreement
between the limit stresses, i.e. the stress level at which the temperature trend deviates from the
linearity. The adoption of the Static Thermographic Method could be a useful aid in order to
identify, with a rapid test procedure, the onset of irreversible micro damage within the material

that lead to the failure of the structure.
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11. LOCAL APPROACHES FOR WELDED STRUCTURES

Highlights

In this chapter, several local approaches are applied to welded joints in order to synthetize the
fatigue data. The local approaches based S-N curve are compared with the nominal stress based
S-N curve in terms of statistical data dispersions. The local approaches allow to obtain a good
synthesis of the fatigue data despite the different geometries, the thickness and the load

conditions.

This activity is part of the training that the authors performed at the University of Padova in
2019. The authors would like to thanks Prof. Giovanni Meneghetti and Prof. Alberto
Campagnolo for the support.

Nomenclature
a load carrying plate thickness [mm)]
b welding bead height [mm)]

Young’s modulus [MPa]

N number of cycles

Ro control volume radius [mm]

r radial coordinate [mm]

t transverse plate thickness [mm]

Tk, Tw, Ts scatter index

W averaged Strain Energy Density [Nmm/mm?]

2a opening angle of V-notch [deg]

AGnom, AGeq,peak nominal tensile stress [MPa]

AK, NSIF-based fatigue strength of welded joints [MPamm®3%¢]
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9 angular coordinate [deg]

A, A2 mode I and II Williams’ eigenvalues for stress distribution at V-notches

v Poisson’s ratio

Oes, O, Tio  Stresses in the bisector polar coordinate system [MPa]

11.1. Introduction

The fatigue assessment of mechanical components requires a huge amount of time to be
performed. In addition, the geometry of the tested component and its loading conditions can
determine several fatigue strengths for the same component and different parameters may play
a fundamental role in the fatigue life, assuming that it is a problem linked to the local stress field

near notches.

In the last twenty years several methods to overcome such problems have been proposed. In
1998, Lazzarin and Tovo [95] proposed the Notched Stress Intensity Factor (NSIF) for the
assessment of the welded joints, considered as mechanical components with several notch types.
In 2005, Livieri and Lazzarin [5] proposed to evaluate the strain energy density (SED) over a
control volume and compare it with a critical value which causes the failure of the components.
Meneghetti and Lazzarin [115] in 2007 evaluated the elastic peak stress at notch tips in order to
assess in a rapid way, thanks to a calibrated mesh, the NSIF values. Starting from the SED
formulation, the equivalent peak stress parameter (Peak Stress Method, PSM) has been proposed

as a criterion to synthetize the fatigue data of welded components.

In this chapter, several local approaches are adopted in order to estimate the fatigue life of two
different class of welded joints, cruciform and T, under traction and bending fatigue loading
conditions. The fatigue curves of the components are reformulated in terms of NSIF, SED and

Equivalent Peak Stress and compared to the nominal stress fatigue curve.

11.2. Materials and Methods

Numerical finite element simulations were carried out on four different geometries of welded
joints, both cruciform and T, whose characteristics are reported in Table 11.1. The joint
geometries are taken from the experimental works of Maddox and Gurney, where they were
tested under tensile and bending fatigue loading adopting a stress ratio R= 0 and the nominal
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stress reported in the same table with the relative number of cycles to failure. All the fatigue
failures occurred at toe region. In the same table are also reported the calibration coefficient Keg”
for the application of the PSM as evaluated in [115]. How it is possible to observe, they are

within the proposed average value with scatter band of 1.38+5%.

Table 11.1: Welded joint geometries from [115].

Series Joint a t b Load KIVé(}s6 ooe/os  Kep* N AGnom

geometry [mm] [mm] [mm] type [mm"~-°] peaki’™e [cycles] [MPa]

192000 200

(hdaédox C*“iﬁ?“n‘ 13 10 8 T 2.633 1.870  1.408 207000 140
1987) 2937000 100
4297000 80

109000 150

12 . 224000 120
(Gurney C*uij?““' 100 220 15 T 5.704 4222 1351 322000 100
1991) 1153000 65
2147000 55

120000 260

200000 220

(G&gey Cruciform- oy 13 g B 3051 2131 143 02000 180
1991) nlc 744000 140
1180000 120

2158000 110

135000 300

237000 260

407000 200

(cﬁi;ey T-nlc 6 6 6 B 1.793 1272 1410 72000 190
1997) 665000 180

1525000 160
1534000 150
2601000 140

After that the geometry of the welded joints was recreated adopting Ansys APDL, taking
advantage of their symmetries, two meshes were adopted. The first mesh (Figure 11.1) was
modelled adopting a control volume at the welding bead toe point, that can be considered as a
sharp V-notch with opening angle of 20= 135°. A mapped mesh with element dimensions of the
order of 10 mm was created within the control volume of radius Rc= 0.28 mm. Despite the SED
method is well suited to adopt a low number of elements within the control volume, this one was
modelled in such way in order to estimate the NSIF according to Gross and Mendelson definition
(equation (3.5)). Outside of the control volume a free mesh with element size reported in Table

11.2 were created. The nominal stress was applied on the right side of the joint as a constant
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value over the thickness a of the joint with symmetric boundary conditions, if under the traction
test condition (T); while it was applied as a triangular gradient over the half thickness of the joint
(0 MPa up to Acnom) and with antisymmetric condition, under the bending test condition (B).
The second kind of mesh (Figure 11.2) was made adopting the free mesher, with an average
element size of 1 mm, in order to apply the PSM. The same boundary conditions of the first FE
model were applied to that model. For both the models, the quad 4-node element PLANE182
with “simple enhanced strain” formulation was adopted and the material properties of structural
steel (E= 206 GPa, v=0.33) were implemented. The dimensions of the different FE model are
reported in Table 11.2.

NSIF-SED
FE Model

SED control volume

Figure 11.1: FE model for the estimation of the NSIF and SED.

For the estimation of the NSIF, the stress field ces along a path of the opening angle bisector
was retrieved (Figure 3.1). For the SED estimation, the strain energy of all the elements within
the control volume was retrieved, summed and averaged over the entire control volume. Lastly,

for the PSM evaluation, the maximum elastic stress Goomax(r=0, 6=0) was estimated.

Table 11.2: FE model dimensions.

Series FEM NSIF-SED FEM PSM
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No. Element No. Element
Elements size [mm] Elements size [mm]
1 (Maddox
1987) 5553 0.4 722 1
12 (Gurney
1991) 20601 0.8 11913 1
16 (Gurney
1991) 6297 0.8 3469 1
23 (Gurney
1997) 4617 0.4 521 1
t
EEEE Peak Stress Method
FE Model
EoR
e
R
Ux=0
0 Quad-4 node
PLANEI182
HH d =1 mm
oot
g>§ Ghom T Chom B
4 H AR HH .
Y eli e e et e Ra Sy AR RR RS aa RN
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‘Vi\l T \l![él T IIIILéllIJ\yI:IOIIfél T symm’ ,a’sylnm

Figure 11.2: FE model for the estimation of the PSM.

11.3. Results and discussions

The fatigue data from Table 11.1 are reported in the bi-log S-N graph of Figure 11.3. According
to the standards, the inverse slope was fixed to k= 3. The scatter band for a probability of survival
(PS) of 97.7% has been evaluated and the scatter index T, estimated as the ratio between the
lower PS value (184 MPa) over the maximum PS value (28 MPa) at a run-out number of cycles
equal to 5x10, is equal to 6.59. This is a high value, due to the great differences between the

several welded joints geometries tested and their loading conditions.
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Figure 11.3: Nominal stress based S-N curve for welded joints.

From the finite element model of the welded joints geometries, during the post processing
phase, the stress field along the bisector path has been retrieved and plotted versus the radial
coordinate r in the bi-log graph of Figure 11.3. As an example, two nominal stress level for two
different geometries have been reported. The power law regression has been performed and
reported in the same graph. As it is possible to note, the exponent of the power law is equal to
the Williams eigenvalue for mode I, which describes the singularity grade of the stress field
around the notch tip. The other geometries for several nominal stress values exhibits the same

trend and all the power law exponents are equal to the Williams eigenvalues.
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Figure 11.4: Stress fields along the opening angle bisector path form the notch tip.

In Figure 11.5 are reported the mode I NSIF values, estimated by the Gross and Mendelson
definitions, versus the radial coordinate in a bi-log plot. Power law regressions have been
performed and the AK; values have been estimated as the power law coefficients, given the

singularity of the stress field.
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Figure 11.5: Mode I NSIF estimation by power law regressions.

The S-N curve in terms of mode I NSIF has been reported in Figure 11.6, after that all the
experimental test of Table 11.1 have been elaborated in terms of the AK; value retrieved from

the numerical simulations.
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Figure 11.6: NSIF based S-N curve for welded joints.

The inverse slope of the S-N curve is equal to 2.83 and the scatter index for a PS of 97.7% is
equal to Tx= 2.17; a lower value compared to the nominal stress scatter index. This is due to the
ability of the NSIF to synthetize with a unique parameter, depending of the notch characteristics,
the fatigue strength of very different geometries. The scatter index is higher compared to the

value proposed in literature, but still acceptable [115].

Evaluating the average strain energy density over a control volume it is possible to overcome
the limits of the NSIF approach, where it is not possible to compare with a unique parameter the
fatigue failure danger from different notch types (e.g. toe and root failures). In Figure 11.7 the
S-N curve in terms of SED has been reported. The inverse slope of the SED based S-N curve is
equal to 1.43 and the scatter index evaluated in terms of SED (Tw=T,"°) for the PS of 97.7% is
equal to 2.14. this value is lower compared to the nominal stress approach and quite similar to

the NSIF value.

By adopting the PSM approach, the S-N curve for the welded joints has been elaborated and
reported in Figure 11.8. The inverse slope is equal to k= 2.96, a value near the nominal stress
approach and the ones proposed by the standards. The scatter index evaluated for a PS 0f 97.7%
is equal to 1.9 (the same proposed in literature [115]), a value lower compared to the other local

approaches. Hence also the PSM, as well as the other local approaches, is able to synthetize the
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fatigue data of mechanical components regardless the whole geometry and the loading condition,

but considering only the local stress field or energy configuration near a notch region.
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Figure 11.7: SED based S-N curve for welded joints.
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Figure 11.8: PSM based S-N curve for welded joints.
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11.4. Conclusion

In this chapter several local approaches are adopted in order to estimate the fatigue life of
welded joints. The experimental fatigue data of several class of cruciform and T joints under
tensile and bending load conditions have been elaborated in order to obtain the S-N curve in
terms of Notched Stress Intensity Factor (NSIF), Strain Energy Density (SED) over a control
volume and Peak Stress Method approaches. These parameters have been obtained by means of

linear elastic finite elements simulations.

The S-N curves based on local approaches have been compared to the nominal stress based
ones. In terms of scatter index, the nominal stress approach shows a high data dispersions and
the designer must adopt a specific S-N curve for each welded joint geometries and loading
conditions. On the other hand, the local approaches are able to synthetize the fatigue data of

several welded joint geometries under different loading conditions adopting only one S-N curve.
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12. FATIGUE ASSESSMENT OF WELDED JOINT BY MEANS
OF SED APPROACH AND COMPARISON WITH
STANDARDS

Foti P, Santonocito D, Ferro P, Risitano G, Berto F. Fatigue assessment of common welded
Jjoints by means of the Strain Energy Density method. Under submission.

Highlights

The main aim of the present chapter is to investigate the effects of different parameters on the
fatigue strength of cruciform and T-welded joints through an energetic approach based on the

Strain Energy Density failure criteria.

The parameters taken into account in the present chapter for investigate the fatigue strength are

the scale effect, the lack of welding bead penetration and the welding bead height.

The results of the numerical analysis carried out have been also compared with the fatigue
strength predicted by the most known design guidance for the fatigue assessment of steel welded
joints: Eurocode 3; British Standard; International Institute of Welding; Det Norske Veritas —
Germanischer Lloyd (DNV-GL). These are among the most known standards for the fatigue

assessment of steel welded joints.

From the comparison carried out is evident that the standards present some differences about
the characterization of the details; besides it is not always clear. The standards do not consider
each of the parameters taken into account in the present chapter that, instead, have an important
role on the fatigue strength of the detail analysed and should not be neglected as shown through

the numerical analysis carried out.

This research activity is part of the collaboration between the University of Messina and the

Norwegian University of Science and Technology NTNU.

Nomenclature

a load carrying welding throat [mm]
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2a,2aint

LE3

Ro

SED

t, tref, teff
w

W

2a

Y

comparison with standards

lack of penetration, critical lack of penetration [mm]

S-N curve constant according to DNV-GL standard

Young’s modulus [MPa]

mode I, IT and III functions of 2a in the SED expressions for sharp V-notches
remote applied force [N]

classes the permissible values of the nominal stress ranges at 2 million of cycles
scale factor according to BS and ITW standards

welding bead height [mm)]

mode I and II functions in the SED expression for sharp V-notches

mode I and II notch stress intensity factors of a sharp V-notch.

material toughness

scale factor

scale parameter

transverse plate thickness with bead height

transverse plate thickness

welding length

inverse slope of FAT classes, power law regression exponent

number of cycles

scale exponent

control volume radius

radial coordinate

strain energy density

plate thickness, reference plate thickness, effective plate thickness (DNV-GL)
averaged Strain Energy Density

critical strain energy

opening angle of V-notch

supplementary angle of a
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Ao fatigue strength of the butt ground welded joints
Ao nominal tensile stress

AK ;AN NSIF-based fatigue strength of welded joints

AW; critical value of the mean SED at working condition i

AWL critical value of the SED that corresponds to the fatigue limit

0 angular coordinate

M, A2 mode I and II Williams’ eigenvalues for stress distribution at V-notches
v Poisson’s ratio

Gjj 1] component of the stress tensor

Gt maximum tensile stress

Gij angular stress functions

Ow stress at welding throat

Ose, O, Tro  Stresses in polar coordinate system

X1, A2 auxiliary parameters, function of the opening angle

12.1. Introduction

The presence of a geometrical discontinuities in a component involve a localized stress
concentration that could lead to the generation of a crack, affecting the assessed fatigue life of

such a component.

Fatigue is the progressive structural damage due to the application of cyclic loads with
variable-amplitude and, dealing with welded components, the problem is even more complex
due to the welding process itself that involves many other defects and imperfections in addition

to the geometrical discontinuity due to the welding.

Since it is impossible to obtain mechanical components without the presence of intrinsic defect
in the material and of geometrical discontinuities, their effects on the assessed fatigue life of a
component must be evaluated through specific, fast and reliable experimental [53,142] and

numerical methods [180]to prevents fracture.
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Even if the fracture mechanics have already shown that fatigue has a local nature, most of the
standards [181-185] for fatigue assessment take mainly into account global design methods such
as the nominal stress approach or the hot-spot approach [186,187] and in some cases they report
some local methods only as a possibility for fatigue design without giving any data about the

fatigue strength of the details analyzed through these others methods.

The nominal stress method considers external loads or nominal stresses in the critical cross-
section and compares them with the S-N curves that correlate the fatigue strength, expressed by
the amplitude of the nominal stress or also by the remotely applied loads, versus the number of
cycles. As a matter of fact, the fatigue behavior of a component is given considering the influence
of all peculiarities of a welded joint only in a statistical way; besides, considering how the
experimental data are summarized, the fatigue strength suggested could only be used rigorously

only dealing with details analyzed with the fatigue tests.

In order to generalize the method, the standards assume that the Wohler curves of the
component have the same inverse slope in a bi-logarithmic diagram and define the so-called FAT
classes, whose value is given on the base of the shape, the loading conditions and the most

relevant geometrical parameters of the detail considered (Figure 12.1).
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Endurance, number of cycles N

Figure 12.1: S-N curves of different FAT classes for fatigue assessment of welded joints,
according to the Eurocode 3

As an alternative to the nominal stress approach, most of the standards suggest also the

structural stress approach [181-185] whose main advantage is that only one FAT class must be
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used depending on the type of weld. However, as discussed by Lazzarin et al. [188], this method
has also some drawbacks; indeed, its application is limited to components whose failure is due
to the weld toe and the determination of the structural stress, possible through different
techniques, requires a certain expertise also because different structural stress approaches could

be considered [189].

The difficulties in performing a more precise fatigue assessment make the methods discussed
above widely appreciated even if they usually lead to an excessive conservative design as shown
in Figure 12.2 where are reported the failure probability for many common standards. For the
standards considered in the present chapter (Eurocode 3, British Standard, International Institute

of Welding, DNV-GL) the failure probability is 2.3%.
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Figure 12.2: Failure probability for different standards [189].

Besides, it must be pointed out that the experimental validation of these methods is based on
tests carried out on geometries and loading conditions rarely encountered also in common

mechanical applications whose assessment, in this regard, lacks a statistical validation.

A more precise fatigue assessment can be carried out through the local approaches, although

they require more expertise in their application.

Each of these methods is distinguished by the local parameter chosen to determine the fatigue
strength [189]. As well as the methods suggested from the standards, also these methods neglect
some welding peculiarities or deal with them in a statistical way but, even with these
simplifications, they are able to give a more realistic evaluation of the fatigue strength and

overcomes some problems of the global methods thanks to the possibility to consider the fatigue
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strength found for a detail equal to that of any other components that presents locally a similar

condition.

The main aim of the present chapter is to point out the discrepancies between the various
standards dealing with two of the most common and tested welded joints, the cruciform and T
joints, and to show the advantages that the application of a local method could lead dealing with

the fatigue assessment of mechanical components.

In the present chapter we consider the local approach called Strain Energy Density (SED)

method whose basic concepts are explained in section 3.2.

12.2. Fatigue assessment of Cruciform and T-joint by Standards

All the standards suggest, as principal fatigue assessment method, the nominal stress approach
[182—185]. In the subparagraphs of section 3 we explain how the various standards, taken into
account in the present chapter, treat the problem of fatigue with regard to cruciform and T-joints
underlining the peculiarities of each method in suggesting the fatigue class of the detail with
varying its principal geometrical parameters. The Figure 12.3 shows the geometrical parameters

of the joints considered.

@ Lg;

Figure 12.3: Main geometrical parameters for Cruciform joint with a) incomplete and b)
complete penetration and for T-joint with c) incomplete and d) complete penetration.
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12.2.1. Fatigue assessment by Eurocode 3

Among the European standards, the Eurocodes define the standards for constructions. The
Eurocode 3 (EU3) in its ninth section deals with the assessment of fatigue resistance of members,
connections and joints subjected to fatigue loading. Other standards, such as the British Standard
[184], remands to the Eurocode for the fatigue assessment of steel building and civil engineering

structures.

Dealing with welded joints, in general, the Eurocode 3 distinguishes several details reporting
their geometrical shape and loading conditions: for each detail classified, it defines the FAT class
for a set of its geometrical parameters and gives some simple rules to obtain the FAT class for
any other set of geometrical parameters. In general, the reference case, for which the standard
gives the FAT class, has a value of 25 mm for the principal geometrical parameter. The standard
does not consider post fabrication treatments to improve the fatigue strength besides the stress
relief. The data provided must be applied to structures under normal atmospheric conditions with

enough corrosion protection and regular maintenance.

In order to evaluate the FAT class for a set of geometrical parameters different from the
reference case, the standard suggests, in general, using the rule of the scale effect multiplying

the FAT class reported for a correcting factor ks evaluable as:

k, = (tr—ef)n (12.1)

where n is equal to 0.2 or 0.25 depending on the detail. Following the rule of the scale effect, for
a detail with a principal geometrical parameter minor than 25 mm, the designer should expect a
higher fatigue strength for the detail. This possibility is not excluded by the standard but, on the
other hand, it states also that this must be proved by the designer himself through experimental
tests carried out according to EN 1990.

In order to have a classification as simple as possible, the standard makes also the assumption
that the Wohler curve has, for every welded detail, an inverse slope of m= 3 between 1-10* and
510° cycles and an inverse slope of m= 5 between 5-10° and 1-10® cycles, as it is possible to see

from Figure 12.1.
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Asregard cruciform and T-joints, the Eurocode 3 reports in a table the FAT classes for different
sets of the ranges of their main geometrical parameters. For these joints the standard does not
suggest the use of the scale effect law. In particular, the geometrical parameters used by the
standard are the intermediate plate thickness Lr3 and the attached load carrying plate thickness t

reported in Figure 12.3.

The standard establishes also some requirements to use the FAT classes reported in its text.
The joint must be inspected and found free from discontinuities and misalignments outside the
tolerance of EN 1090. The misalignment of the load-carrying plates, for example, should not

exceed 15% of the thickness of the intermediate plate.

As regard the same detail with partial penetration the standard requires also a double
assessment. In this case both the weld root and toe must be verified. The weld toe assessment
must follow the FAT classes established for the full penetration joint while for the weld root the
FAT class suggested is of 36 MPa evaluating Acw as:

G, = F/Z(a- D (12.2)

Where 1 is the weld length and a the load carrying weld throat as shown in Figure 12.4.

Figure 12.4: Welding beam parameters for incomplete penetration joints.

181



PART II - Chapter 12 Fatigue assessment of welded joint by means of SED approach and
comparison with standards

12.2.2. Fatigue assessment by British Standard and International
Institute of Welding

Through [182] and [184], the International Institute of Welding (ITW) and the British Standard

(BS) give the recommendations for the assessment of fatigue damage in welded components.

Differently from the Eurocode 3, the IIW standard gives also some data for the fatigue
assessment of welded joints through local methods such as the threshold stress intensity factor

range AK both for steel and aluminum.

As regards the nominal stress method, dealing with welded joints, the standards follow the
methodology already explained for the Eurocode 3, classifying the details according to their

shape and loading condition.

However, differently from the Eurocode 3, the BS and the IIW distinguish several cases for
the S-N curve slope and the numbers of cycles to reach the constant amplitude fatigue limit
(CALF) depending on the loading type but also on the application. In particular, for
components that have to work in the field of very high cycle fatigue, such as rotating welded
machine parts, the standard suggests for N> 1107 a slope m=22 taking into consideration

those experimental data that have pointed out that a CALF does not exist.
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Figure 12.5: Fatigue resistance S-N curves for a) normal application and b) very high cycles
applications according to IIW.

The standards underline also that the fatigue data provided must be considered valid only for
those welded components that satisfy the quality parameter of the welding procedures and for

welding procedures.

As regard the scale effect, the lower fatigue strength for thicker members is taken into
consideration by multiplying the FAT class of the structural detail (for cruciform joints 68 MPa
for BS; 71 MPa for IIW) by the thickness reduction factor f(y:

feo) = (tr—ef> (12.3)

Lerr

Where the reference thickness trer= 25mm. As regards the determination of tesr, the BS and [IW

rules to determine it are reported in equation (12.4):

L
if 7 <2 then ty =t (12.4)
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o~ | o~

if =2 then t,rr=max[0.5-L;t]

Where L and t are the parameters reported in Figure 12.3.

Different correction exponents depending on the kind of joint analysed and on the welding
condition (as welded or toe grounded) are suggested by this standard. For the joints analyzed in
the present chapter, considered in as welded condition, the n exponent suggested is 0.25 for BS

and 0.3 for IIW.

The 1IW, for both the cruciform and the T-joint, distinguishes three different cases: full
penetration; partial penetration with potential failure from weld toe; lack of penetration with

potential failure from weld root with a/t<1/3.

For the last two cases the standard expects the verification of both root and toe to establish

which is the critical point of the welding.

As regard the assessment of the welding with lack of penetration the verification must be done

through the stress evaluated in the weld throat according to equation (12.2) and Figure 12.4.

12.2.3. Fatigue assessment by DNV-GL

The DNV-GL standard [185] deals with the fatigue design of offshore steel structures. As
regards the nominal stress method, dealing with welded joints, the standard follows the
methodology already explained for the Eurocode 3, classifying the details according to their
shape and loading condition. For each detail classified, the standard indicates, for a set of its
geometrical parameters, which fatigue master curve must be used for its assessment. The
standard tabulates the coefficients needed to define the fatigue master curve that has in general

a bi-linear trend in a double logarithmic diagram.

In order to evaluate the FAT class for a set of geometrical parameters different from the
reference case, similar to the other standards, the DNV-GL suggests, in general, using the rule
of the scale effect, reported in equation (12.5), adjusting the reference fatigue master curve

through the effective thickness of the component according to the following equation:
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" k
Ao <i> (12.5)
tref

Where the reference thickness is equal to ter= 25mm and the parameters a, m and k are

logN =loga — mlog

tabulated by the standard. Different correction exponents, k, depending on the kind of joint
analysed are suggested by this standard. For the joints analyzed in the present chapter the
exponent suggested is 0.20 for t<25 mm, 0.25 for t> 25 mm both in full and in partial penetration

condition.

As regards the parameter tesr in equation (12.5) the standard rules to determine it are reported

in the following equation:

terr = min((14 mm + 0.66 - L), t) (12.6)

where L and t are the parameters reported in Figure 12.3.

For both the cruciform and the T-joint, the standard distinguishes three different cases to be
assessed following the same procedure explained in section 12.2.2: full penetration; partial
penetration with potential failure from weld toe; lack of penetration with potential failure from

weld root.

As regards the partial penetration welds that are affected by competing failure from weld toe
and root, differently from the other standards taken into account in the present chapter, the DNV-
GL standard in its section 2.8 deals with the penetration effect on cruciform joints, even if its
contribution remains still very limited. The equi-probability failure curve from toe and root
regions are reported in a welding beam height vs. lack of penetration graph, normalized respect

to the plate thickness (Figure 2.15 of the standard), reported here in Figure 12.6.
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Figure 12.6.: Probability curves of root failure equal to toe failure with geometrical
parameters describing the welded joint according to DNV-GL.

12.3. Finite elements modelling

Due to the large number of simulations, a parametric 2-D finite element model was created
adopting Ansys APDL. Dealing with welded joints it is important to make some considerations
about the shape of the welding. Indeed, the weld bead geometry cannot be precisely defined
because of the bead shape and the toe radius that vary with the welding process itself and its
technical parameters. Anyway, the conventional welding techniques result in very small value
for the toe radius ranging from 0.2 mm to 0.8 mm and in a typical opening angle of 20= 135°.
Considering the typical ranges of the geometrical parameters of a real steel welded joint it is
allowed to simplify the model describing the welding as an ideally sharp V-notch. Other
geometrical parameters taken into account in the model were the thickness t, the transverse
thickness Lgs, the weld bead height h and the lack of penetration 2a. In order to minimize the
computational time and complexity of the system, the symmetries of the details were considered,
modelling only a quarter of the geometry for the cruciform joint (Figure 12.7). The system was
modelled under plain strain condition adopting quadrilateral 8-node elements of the type

PLANEI183.
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Figure 12.7: Parametric finite element model

According to the SED approach, a control volume was built in correspondence of the toe and
root regions adopting a radius Ro=0.28 mm, determined through equation (3.31) using data taken
by literature [190], and with material properties typical for structural steel (E= 206 GPa, v=0.3).
A mapped mesh was built and after a convergence analysis a number of 96 elements for the
control volume was adopted as a good trade-off between results accuracy and computational
time. In Table 12.1 are reported the SED values evaluated at the toe region for a specified
geometry. It is possible to predict with a good precision the SED value even with a low number
of elements inside the control volume due to the fact that it is derived directly from the nodal
displacements [191]. As the FE model is parametric, it was possible to perform a sensitivity
analysis of the geometrical parameter on the SED values estimated at toe and root regions. The
Lgs, t and h values were varied in several ways, as well as the lack of penetration of the welding

2a. The same results obtained for cruciform joints can be applied also to T-joints.
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Table 12.1: Convergence analysis on the SED value.

No.FE AWioe
Rc [Nmm/mm’] A %]
6 0.039579 1.85
24 0.040351 -0.06
96 0.040299 0.06
384 0.040310 0.04
1536 0.040320 0.01
6144 0.040325 ref.

12.4. Results and discussions

12.4.1. Main geometry effect

A first series of FE simulations has been carried out on the cruciform joint geometry
considering two limit conditions: full penetration (FP), 2a= 0, and incomplete penetration (IP),
2a= t. In the first condition, the welding bead has completely penetrated inside the plate
thickness, ensuring the safer working condition, i.e. the macro-crack in the root region it is not
present. In the latter condition, the welding bead has not penetrated inside the plates, hence it is
the most dangerous working condition. In this case, both the toe and root regions have to be
considered for the evaluation of the SED. The transverse plate thickness Lrsz and the plate
thickness t were varied, fixing one of them and changing the other one. The SED vs. Lgs and
SED vs. t curves were fitted with power laws, respectively AW= ct™ and AW= c'Lg3™. In Figure
12.8 are reported the SED curves, evaluated at toe region, for the full penetration condition.
Generally, the higher the plate thickness t, the higher the SED value. As is possible to see in
Figure 12.8a, the SED value slightly change with Lgs up to a value of 160 mm, then it became
almost constant. As regard the plate thickness t (Figure 12.8b), the SED value severally increases
as t increases. Also here, the higher the transverse plate thickness, the higher the SED value, up
to L= 80 mm; after, the trend slightly change from each other. For the full penetration working

condition, the SED value at toe region is more sensitive to the plate thickness t.
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Figure 12.8: Effect of the geometry on the SED value of cruciform joints with full penetration.

In Figure 12.9, the SED trend for the incomplete penetration working condition are reported.
For the root region (Figure 12.9a, b), the SED shows a very slight decrease with the transverse
plate thickness Lgs, while it is more sensitive to the plate thickness t where it exhibit an increasing

trend. Regarding to the toe region (Figure 12.9¢, d), a similar behavior is shown. The plate
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thickness t is the more critical geometrical parameter for the SED estimated at root, with a quasi

linear increase (m~ 1), and toe regions (m~ 0.675).
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Figure 12.9: Effect of the geometry on the SED value of cruciform joints with incomplete
penetration.
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12.4.2. Scale effect

A second series of simulations was carried out on cruciform joint geometries with different
t/Lg3 ratio, varying the dimension of t and Lg3 according to a scale parameter k (= 1, 2, 4, 8, 16).
The mean SED value has been reported vs. the plate thickness t. A logarithmic interpolation on
the curve has been performed according to the scale effect equation, evaluating the A parameters.
In Figure 12.10 the SED trend evaluated at the toe and root regions in full penetration and
incomplete penetration configuration for two different geometries have been reported. For the
SED trend at toe and root region, a value of the A; parameters respectively of 0.673 and 0.499

has been obtained.

08| - & -Toe (FP) KL 1
0.6 - == Toe (IP)
—&A— Root (IP) - [ ki]=
Scale effect (k=1=16)
t=12mm; LEIme

- 20N
AW, = AW, (?')
b

3

<

IS
T

AIinLerp. Root IP - 0-4994,

0.6723 -

Mean SED AW [Nmm/mm?|

A =
linterp. Toe IP

-
-e

A linterp. Toc FP 0.6745

20 40 60 80 100 150

192



PART II - Chapter 12 Fatigue assessment of welded joint by means of SED approach and

comparison with standards

0.8 - & -Toc (FP) E 1

0.6 - —8—Toe (IP)
—&— Root (IP) _q T Kt
0.4 1 geale effect (k=1=16)

3

=0.4977 |

linterp. Root 1P

t=20mm; LEZSmm

= L o 2(1-M)
= 020 Aw, = am, (’—)
z iy
"‘S 0.1 Alinlcrp. Toe w- 0.6729 4
o
2 0.04€ _.--° 1
.:;3 o - Alimerp, Toe FP =0.6734
= - -
0.02 - - e~ 1
o~
0.0] ? L 1 1 1 1 L 1 1
20 40 60 80 100 150 200 250 300
t [mm]
(b)

Figure 12.10: Scale effect on SED of different cruciform joint geometries.

In Table 12.2, the values of the A1 parameters for several cruciform joint geometric
configuration of t and Lg3, with different t/Lgs ratio, have been reported. They are in good
agreement with the mode I Williams’ eigenvalues for a notch opening angle of 2a= 135° (toe
region) and 2a= 0° (root region). Therefore, the SED approach is able to catch the scale effect
on the joint geometries. The adoption of the Williams’ eigenvalues for the scale effect also in

the nominal stress method could lead to a better representation of the joints fatigue life.

Table 12.2: Estimated values of the A parameters under scale effect for different geometric

configurations.
t/Les Full Penetration (FP) Incomplete Penetration (IP)
A1 interpolation Toe A1 interpolation Toe A1 interpolation Root
0.5 0.6747 0.6720 0.4994
0.8 0.6734 0.6729 0.4977
1 0.6745 0.6723 0.4994
1.2 0.6738 0.6728 0.4983
1.5 0.6743 0.6726 0.4995
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12.4.3. Full, partial and incomplete penetration

In order to assess the effect of the lack of penetration on SED, a series of FE simulations were
carried out varying the 2a parameter on different cruciform joints configurations. In Figure 12.11
the SED trend at toe and root regions for two geometries have been reported vs. the lack of
penetration 2a expressed as percentage of the plate thickness t. For lower values of the lack of
penetration, the SED evaluated at toe region shows higher value compared to the SED at root

region.

UUK T T T T T T
—&— Root t= 20 mm, L; 20 mm
0.07 b = ©=Toe t=20 mm, L=20 mm
—#&—Root t= 40 mm, L= 80 mm
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Lack of Penetration 2a

—_

Figure 12.11: Effect of the lack of penetration 2a on SED.

As the lack of penetration increases, the SED values at toe and root region became equal, then
the root SED shows higher value compared to the toe SED. The lack of penetration value
corresponding to intersection of the two SED values, is indicated as 2ain and it changes with the

geometries.
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Table 12.3: Critical values of SED and fatigue limit for partial penetration cruciform joints.

Lis t 28 2a/t AW oo IP AW o FP AWintersection  AGLroot  AOGL toc  AOL int
[mm] [mm] [mm] [%] [Nmm/mm’] [Nmm/mm’] PP 3 Ip FP PP

[Nmm/mm’] [MPa] [MPa] [MPa]

20 6.40 3199 0.0594 0.0111 0.0133 29.66  68.68  62.56

20 30 7.04 2346 0.0907 0.0136 0.0154 2399 61.84 58.29
40 7.73 19.32 0.1234 0.0158 0.0173 20.57 57.41  54.87

50 8.46 16.91 0.1568 0.0178 0.0192 1825 54.14 52.14

20 8.11 40.54 0.0579 0.0119 0.0153 30.04 66.30 58.44

40 30 8.91 29.72 0.0882 0.0149 0.0173 2433  59.20 5493
40 9.55 23.89 0.1187 0.0174 0.0193 20.97 54.83 51.97

50 10.12  20.23 0.1497 0.0195 0.0212 18.67 51.73  49.61

20 9.44 4721 0.0558 0.0123 0.0168 30.60 65.26  55.71

20 30 10.88  36.27 0.0855 0.0157 0.0191 2471 57.62 5222
40 11.97 29.93 0.1158 0.0186 0.0214 21.23 5294  49.36

50 12.82  25.63 0.1464 0.0211 0.0235 18.89  49.68 47.09

20 9.94  49.68 0.0547 0.0123 0.0174 30.89 65.07 54.84

120 30 11.74  39.13 0.0835 0.0160 0.0199 25.00 57.21 51.24
40 13.19  32.98 0.1132 0.0191 0.0224 21.47 5233  48.27

50 14.34  28.68 0.1435 0.0218 0.0247 19.07 48.93 4596

20 10.11  50.55 0.0543 0.0123 0.0175 3099 65.04 54.56

160 30 12.12  40.41 0.0827 0.0160 0.0202 25.13  57.08 50.84
40 13.82  34.56 0.1118 0.0192 0.0229 21.61  52.10 47.78

50 15.23 3045 0.1416 0.0221 0.0253 19.20 48.60 4540

20 10.14  50.71 0.0543 0.0123 0.0176 31.01  65.04 54.51

200 30 12.23  40.78 0.0824 0.0160 0.0203 25.17 57.06 50.74
40 14.07 35.18 0.1113 0.0193 0.0230 21.66  52.03 47.61

50 15.65 31.29 0.1408 0.0222 0.0256 19.26  48.47  45.15

20 10.14  50.68 0.0543 0.0123 0.0176 31.01  65.05 54.53

300 30 12.24  40.82 0.0824 0.0160 0.0203 25.17  57.07 50.74
40 14.13  35.34 0.1112 0.0193 0.0231 21.66  52.03 47.57

50 15.80 31.61 0.1407 0.0222 0.0257 19.26 48.44  45.09

In Table 12.3, for different geometric configurations the intersection values of the lack of

penetration 2ain, of the SED evaluated at root and toe region respectively for IP and FP

configuration, and of the critical SED for partial penetration joints, as well as their corresponding

fatigue limit in terms of nominal applied stress level have been reported. Generally, increasing

the plate thickness t and the transverse plate thickness Lg3 dimensions increases the SED value

and, hence, reduces the nominal stress level. It would be better, for the cruciform joint, to

maintain the lack of penetration of the welding bead lower than the 2aix value in order to have

fatigue failure only at toe region, a simpler region to inspect compared to the root.

195



PART II - Chapter 12 Fatigue assessment of welded joint by means of SED approach and
comparison with standards
Simulations have been carried out on cruciform geometries where three values of t and L3
were combined. The lack of penetration 2a and welding beam height h values have been adopted
in order to obtain a joint geometrical configuration that, according to the DNV-GL standard,
correspond to the equi-probability conditions for the fatigue failure from toe and root regions.

The SED values at toe and root regions were evaluated and compared between them.

Table 12.4: Effect of the penetration. Comparison with standard.

L t AW]"OO Awoe
(mm] [mm] Mt 2alt (Nmm/mm’] [Nmm/mm’] Aroottoe [Y0]
0.4 034 0.0098 0.0098 2045
2 05 0.40 0.0104 0.0105 -1.58
0.6 0.48 0.0111 0.0112 -1.01
0.4 0.26 0.0158 0.0131 16.74
2 25 05 0.30 0.0162 0.0142 11.99
0.6 0.36 0.0169 0.0152 9.95
0.4 0.20 0.0228 0.0175 22.92
50 0.5 0.22 0.0224 0.0192 14.43
0.6 0.28 0.0247 0.0211 14.56
0.4 034 0.0086 0.0104 220.64
2 05 0.40 0.0093 0.0109 -17.64
0.6 0.48 0.0100 0.0114 1311
0.4 0.26 0.0147 0.0143 2.76
25 25 05 0.30 0.0154 0.0151 231
0.6 0.36 0.0166 0.0158 4.58
0.4 0.20 0.0242 0.0193 20.28
50 05 0.22 0.0240 0.0205 1437
0.6 0.28 0.0266 0.0221 16.72
0.4 034 0.0079 0.0107 35.14
2 05 0.40 0.0085 0.0111 -30.30
0.6 0.48 0.0092 0.0114 24.03
0.4 0.26 0.0129 0.0153 118.58
50 25 05 0.30 0.0137 0.0158 -15.61
0.6 0.36 0.0148 0.0163 9.69
0.4 0.20 0.0220 0.0212 3.48
50 05 0.22 0.0221 0.0220 0.49
0.6 0.28 0.0253 0.0231 8.52

It is worth underlining that the standard does not specify some important geometrical
parameters characterizing the welded joint, in particular the parameters Lgs and t in Table 12.4.
For geometries where the plate thickness t is equal to the transverse plate thickness Lgs, the
differences between the SED evaluated in the two regions is lower than 8.52% showing a very
good agreement between the standard and the SED method. Considering that the standard does

not give precise indication about these parameters the assumption Lg3= t seems reasonable for
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the diagram reported in Figure 12.6. Generally, the bigger the dimensions of the joint, the bigger

the relative difference of the SED values.

12.4.4. Welding Bead Height

Even if the effect of the welding bead height has been analysed [111,192,193], revealing
possible beneficial effect on the fatigue class of welded joints, the standards taken into account
in the present work do not consider the effect of the welding bead height (like the Eurocode 3).
At least they take it into account without distinguish between the welding bead height and the
plate thickness, considering directly the parameter L reported in Figure 12.3. The influence of
the welding bead height h on the fatigue strength of the joint analysed has been evaluated though
the SED method by means of FE simulations on incomplete penetration geometries, where the
h/t ratio has been varied maintaining the plate thickness t and transverse plate thickness L3 fixed
(Table 12.5). The same behavior is exhibited by the same scaled geometry. The h/t ratio equal
to 0.5 has been taken as the reference value. For lower values of the h/t ratio the fatigue life is
severally reduced, up to -41% and -46% respectively for the root and toe region. An increase of

the welding beam height has a beneficial effect on the fatigue life of the joint.

Table 12.5: SED vs. welding bead height.

h/t Awroot 3 Awtoe 3 AGL root AGL toe A . At
[Nmm/mm’] [Nmm/mm’] [MPa] [MPa] o0 o¢
0.2 0.1687 0.1401 17.59 19.30 -41 -46
0.3 0.1083 0.0825 21.96 25.15 -26 -30
0.4 0.0777 0.0558 25.92 30.59 -13 -15
0.5 0.0594 0.0408 29.66 35.78 ref ref
0.6 0.0472 0.0316 33.26 40.64 12 14

12.4.5. Comparison between the Standards and the SED Method

In this section a comparison between the FAT classes suggested by the standards and the
estimations by the SED method are presented for the joint class considered. The comparison is
made considering different values of the parameters Lgs and t (Figure 12.3), in the ranges
suggested by the Eurocode 3 and considering a welding bead height equal to h= 0.5t . The full
penetration condition for cruciform joints has been taken into account and the FAT classes
proposed by the standards are reported in Table 12.6 with also the proposed FAT classes by SED
approach and their relative variances. Even if the standards define the FAT classes with different
probability of survival (PS 95% Eurocode 3 and IIW; PS 97.7% BS and DNV-GL) and

considering the usual scatter of fatigue tests, the difference in terms of stress is less than 2% and
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may be neglected in several areas of applications [ 182]. For smaller values of Lg3 and t, generally
the FAT classes proposed by the Eurocode 3 are higher compared to the SED method, but they

are also higher compared to the other three standards.

Table 12.6: FAT classes comparison between the different standards and the SED method for
full penetration cruciform joints.

EU3 BS 1 10%Y DNV-GL SED Asep-  Asep-  Asep-  Aseb-
PS=95% PS=97.7% PS=95% PS=97.7% AoL EU3 BS OW  DNVGL
[MPa] [MPa] [MPa] [MPa] [MPa] [%o] [%o] [%o] [%o]

Lgs3 t
[mm] [mm]

20 80 68.00 71.00 62.97 68.68 -165 1.0 -34 83
20 30 80 64.97 67.22 60.63 61.84 -294 -51 87 20
40 80 60.46 61.66 58.67 5741 -393 -53 74 22
50 80 57.18 57.67 57.00 54.14 -478 -56 -65 -53
20 80 64.97 67.22 58.67 66.30 -20.7 2.0 -14 115
40 30 80 62.51 64.18 57.00 59.20 -35.1 -56 -84 3.7
40 80 60.46 61.66 55.53 5483 -459 -103 -12.5 -13
50 80 57.18 57.67 54.24 51.73 -54.6 -10.5 -11.5 -4.8
20 71 57.18 57.67 53.08 6526 -8.8 124 11.6 187
20 30 71 55.83 56.04 52.04 57.62 -232 3.1 2.7 9.7
40 71 54.63 54.60 51.10 5294 -341 -32 3.1 35
50 71 53.55 53.30 50.23 4968 -429 -78 -7.3 -1.1
20 56 52.57 52.13 49.43 65.07 139 192 199 240
120 30 56 51.67 51.06 48.69 57.21 2.1 9.7 10.7 149
40 56 50.84 50.09 48.01 5233 7.0 28 43 8.3
50 56 50.08 49.18 47.37 4893 -144 -23 -05 3.2
20 56 49.37 48.35 46.77 65.04 139 241 257 28.1
160 30 50 48.70 47.57 46.20 57.08 124 147 16.7 19.1
40 50 48.08 46.84 45.67 52.10 4.0 7.7 10.1 123
50 50 47.50 46.16 45.17 4860 -29 23 5.0 7.1
20 56 46.95 45.52 44.69 65.04 139 278 30.0 313
200 30 50 46.43 44.92 44.24 57.06 124 18.6 21.3 225
40 45 45.94 44.35 43.81 52.03 135 11.7 14.8 15.8
50 45 45.47 43.81 43.40 4847 7.2 6.2 9.6 10.5
20 56 42.75 40.68 40.98 65.05 139 343 375 370
300 30 50 42.43 40.31 40.69 57.07 124 257 294 28.7
40 45 42.11 39.95 40.40 52.03 135 19.1 232 223
50 40 41.81 39.60 40.13 4844 174 137 183 172

The FAT classes proposed by the Eurocode 3 standard for Lgz values in the range 2080 mm
are more conservative compared to the SED method. This can lead to an over dimensioning of
the joints. On the other hand, for Lgz> 120 mm, the SED FAT classes are higher compared to the
relative Eurocode 3 classes. Lower differences are reported increasing the t values. The British

Standard shows relative variations compared to the SED method within about the absolute 10%
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range for Lg3< 40 mm. As the Lg3 values increases, the relative variations increase but, as the t
values increases, it shows a decreasing trend. The same behavior of the British Standard is
exhibited by the IIW standard. The DNV-GL standard has relative variations within the 11.5%
range for Lgs< 40 mm, then it increases with the same trend of BS and IIW standard. For Lg3>
120 mm, the SED FAT classes show higher values compared to the other standards classes,

especially for lower t values.

12.5. Conclusion

In the present work a comparison between several standards (Eurocode 3, BS, IIW and DNV-
GL) for the fatigue design of welded joints, which adopt the nominal stress approach, and the
Strain Energy Density method has been carried out. Finite element simulations have been
performed on several cruciform joint geometries in order to obtain the SED value averaged over

a control volume in critical areas. The main outcomes are the following:

e The influence of the cruciform joint main geometrical parameters on fatigue life has been
assessed, showing how the plate thickness t severally affect it compared to the transverse
plate thickness L.

e The scale effect for this joint class can be predicted adopting the mode I Williams’
eigenvalues for typical toe (2a= 135°) and root (2a= 0°) notch configurations.

e The influence of the welding bead penetration on the joint fatigue life has been assessed
through the SED method, where the standards provide incomplete, or do not provide at
all, information. The method is able to individuate the critical values of lack of
penetration where the root failure is more critical compared to toe failure.

e The welding bead height influence on the fatigue life of the joint has been investigated
showing how an increase of its dimension is beneficial for fatigue life.

e A comparison of the FAT classes indicated by the standards and the SED method has
been carried out showing how the standards overestimates or underestimate the fatigue
strength of the welded joint considered, given the fact that they neglect some parameters

that instead reveal an important influence on the fatigue life.

The SED method allows the designer, adopting finite element simulations, to assess in an easy
way the critical areas of the welded joints under study regardless particular effects, such as scale

effect or lack of penetration, that are already taken into account within this energetic approach.

199



Concluding remarks

CONCLUDING REMARKS

The work presented in this Ph.D. thesis is the synthesis of the intense activity research,
performed over a period of three years, in the field of rapid fatigue assessment of materials

adopting energy based approaches.

Most of the research activities have been presented in international and national conferences

and published in peer reviewed journals.

The main aim of the research activities performed has been the application of the Risitano
Thermographic Method (TM) and the Static Thermographic Method (STM), as well as the

averaged Strain Energy Density approach on several materials and mechanical components.

The adoption of the Infrared thermography, to monitor the specimen surface temperature
during a fatigue test, can reduce of several order of magnitude the test time to derive the fatigue
limit and the S-N curve of the material. In particular, by side of the Thermographic Method, the
Static Thermographic Method allows to derive in a rapid way the fatigue limit of the material

evaluating the first deviation from the linearity of the thermoelastic effect.

The Static Thermographic Method has been applied on several materials. On plain structural
steel specimens, as well as on notched specimens of medium carbon steel, it has been compared
to TM and traditional fatigue tests showing good agreement. On plain specimens of C45 medium
carbon steel, it has been compared with several other energetic methods, within a round robin
activity of several Italian Universities, showing its ability to predict a reliable value of the fatigue
limit. The monitoring of high strength concrete specimens under static compression test by
means of the STM has allowed to detect the beginning of microfailure mechanism within the
material. The STM has been also applied on plastic materials, such as high-density polyethylene,
ad 3D printed material PA12. A link between the internal microstructure of the material, its
microfailure mechanism and its macroscopic energetic release has been developed on composite

material PA66GF35.
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Within the local approaches, the Strain Energy Density approach allows to synthetize the
results of fatigue data of notched components adopting a single design curve. This aspect is
particularly useful when dealing with notched mechanical components, such as welded joints,
whose design is defined by standards that do not take into account several parameters which may

affect the fatigue life of the component.

The development and application of energy based approaches is still under growth. A future
perspective may be the link between the experimental energetic release, both under fatigue and
static tests assessed by means of TM and STM approaches, with the evaluation of local energy

configuration by SED approach.

Energy based method can be adopted in the industrial field where there is the necessity to
assess the fatigue properties in a rapid way, especially dealing with 3D printed devices, saving

time and material, hence cost.
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