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A literature research on fatigue at low ambient temperature is performed in this study.
Since it is completely literary based research, the main purpose of it is to find important
data that are relevant to our studies and compare them to bring out a conclusion. There is
not any laboratory test or tests involved. It is evident that the crack growth eventually
reaches to the fatigue failure, that is why I have emphasized crack growth and crack
propagation in this research.
They research shows the gradual decrease of temperature, means the gradual increase in
fatigue capacity. However, ductile to brittle transition plays a vital role on the result.
Similarly, surface treatment, stress ratio, and etc. have influences on it. Relevant research’s
results are presented with all the relevant information in schematic order.
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LIST OF SYMBOLS AND ABBREVIATIONS
CCT

Continuous cooling transformation

CGHEZ

Coarse grained heat effected zone

CT

Charpy test

CTOD

Crack tip opening displacement

ENS

Effective notch stress method

FATT

Fracture appearance transition temperature

FCP

Fatigue crack propagation

FDBT

Fatigue ductile to brittle transition temperature

FEM

Finite element method

G

Crack driving force

ICCGHAZ

Inter critically reheated course grained heat effected zone

Ks

Concentration factor
Stress intensity factor
Fracture toughness

LEFM

Linear elastic fracture mechanics

NDT

Non-destructive evolution data

Fatigue life
Crack initiation cycle
Crack propagation cycle
RT

Room temperature

Y

Correction factor has function with crack size

γ

Surface energy

ΔK th

Stress intensity threshold

ΔK
σ

Crack size of weld
Stress intensity factor
Nominal stress
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1.1

INTRODUCTION
Background and Application

The fatigue failure is one of the failure modes; uncertainty of fatigue failure has been researched through
various aspects for century. A big part of the research on fatigue was done just to be able to predict the
lifespan of structure with the help of stress amplitude. Those research or the observation exposed the relation
between the design criteria with the part subjected to a cyclic load. Mostly fatigue consists of two phases.
The initial phase is called crack formation, and another stage is called crack growth. The crack growth
continues until the size is sufficient to cause the rupture. The initial phenomena of crack formation are
called crack initiation, and the crack growth until failure is called crack propagation. However, a good
understanding of plastic deformation phenomena that followed the dislocation theory, made the path to
understand crack initiation process. As soon as the crack is initiated, the growth of crack size is the
phenomena to be studied.(Oh, 1995)

There are many applications that are relevant to the fatigue at low temperature. But if we want to consider
the major applications of fatigue at low temperature then the arctic region would be on top. Mining of
natural resources resting on the bed of arctic region demands huge amount of infrastructure. Meanwhile, the
arctic region exploration holds a huge challenge due to its extreme weather condition. The region holds
verities of natural resources deposition. One of the significant resources is oil and gas field, which is
expected to be 13% of the world’s deposition.(Alvaro, et al., 2016)

Other application could be the storage and the transportation of liquefied gases at sub-zero temperature.
Such application requires the temperature below 0°C to -100°C. Also ships and off shore structures, that
include crane graders, bridges, offshore platforms, wind turbines, that are operated in extreme cold
temperature must meet the fatigue requirement at low temperature.(Braun, et al., 2019)

Applications discussed above like bridges and crane graders that holds many assemblies. Part of those
assemblies is connected through various methods. One of the methods is welding. Since the weld connection
are very susceptible to the fatigue, it is very important that the pre preparation, weld operation, and post
weld treatment has the specific specification to avoid any fatigue failure. Specifically, in the heat affected
zone (HAZ), cooling has to be done precisely to avoid unnecessary transformation and grain variation. Even
though there are a lot of research reports available on crack initiation and crack growth, those are mostly
done within the consideration of general fatigue failure. There has not been significant research concerning
the fatigue effect at low temperature. Thus, this report concentrates on the effect of temperature on the
fatigue of steel.
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A conventional approach to obtain resistance value for fatigue due to low temperature is carried out on
FEMAP analysis tool. A sample modelling is prepared to study the crack initiation and the crack growth.
There are certain assumptions made, so that the analysis on FEMAP are possible. The analysis and the result
are discussed in the chapter FEM Analysis.

1.2

Objective

This research is a literature research that means all the findings are with reference to respective research.
The main objective of this research is to analyse the behaviour of steel at low ambient temperature. To
analyse such behaviour, it is important to understand the influence of certain phenomena such as, crack
initiation, and crack propagation. That is why the emphasis is given to the crack initiation curve, which
happens in several stages. However, various processes to analyse the Fatigue life is also discussed.

Initially the literature research is carried out to find more knowledge about the topic. As soon as the content
are compiled then a logical order to present the content is adopted. Various materials are studied to
understand the impact in higher range than gathering just general information. Several studies are explained
in more detail to get an overview of the research process. All other results are presented with sequential
order.

1.3

Research boundary

There are several limitations in the research. Being limited to literature research, the sources of all data are
based on the existing research project. Due to the circumstances the comparison of the literature research to
a laboratory result is omitted. The research is more focused to the crack propagation. Experiments methods
are not conducted within this research instead; experiments findings are extracted from literature research.
All resources are evaluated through peer review before implementing them.
1.4

Literature review

The idea behind this research is to carry out a literature review on the topic, to outline the impact of low
ambient temperature on different grade of steel. There are various case studies presented together to
understand the phenomena of crack propagation.

To make the research more significant the reference researches are considered from various part of the
world, having better peer to peer review. Various database such as Scopus, Science Direct, Lappeenranta
research resources and other sources are utilized. The major strategy to find relevant material was the key
word search, where the key word to find the materials were fatigue at low temperature, fatigue at low
ambient temperature.
4

During the literature review it is understood that the topic has a lot of potential and it is to some extent a new
sector to explore. Due to the fact a lot of relevant materials were not available for free, and those materials
were eliminated.
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FATIGUE IN GENERAL

While we are considering fatigue analysis, it is evident that the welded structure is very critical to it. In any
welded structure the process gives some inherent crack, such as the weld toe with in the fusion line. These
are located in an extremely stressed region of welded connection. While considering the static analysis
cases, stress concentration in particular local regions are given low importance, if only the possible brittle
fracture is eliminated because of redistribution of the stresses due to local yielding. When the fatigue load
actions represented, stress concentration factor plays vital role. If the section modulus due to fatigue is
critical to the design this also decreases the allow stress in static analysis. However, we could utilize
mechanical properties of high strength steel to compensate required strength. Weld defect, weld connection
with out the surface treatment, and wrongly designed connection (causes higher concentration factor)
provides a suitable atmosphere for crack growth. Because of existing flaws in any welded joint, those works
as the initiation factor rather than cause of failure, that is also the case for the conservative design method.
The failure mode mostly occurs on weld toe, if unless the weld quality is not as general welding quality. In
those circumstances the failure mode cannot be justified through engineering tools. Through experiments it
is evident that the cycle needed for the crack initiation is long enough to be detected. Which further can be
considered through the linear fracture mechanics as large crack that corresponds about 10-40 % of whole life
span. In general circumstances, the welds which are prepared according to normal workshop quality (WC)
are sensitive to fatigue failure through crack propagation.(Nykanen, 1993)

Fatigue failure on steel due to a cyclic loading can be isolated is several phase.
Phase I-Initiation- The fatigue causes failure comes as the specimen or parts passes through several stages.
Once the crack is initiated, it grows with reference to stress. The initial size of the cracks is limited within
several grains around the origin.(ONEM UMUR, 2003)
This is here because the cracks propogation is processed through existing cracks.

Phase II- Propagation- Once the crack is initiated, that grows constantly until the cross section can hold the
stress without failure. At some point cross section is so weak to hold the imposed load.
Phase III- Fracture – At some point if the load continues the part suddenly fails through fractures due to the
loads imposed.
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Figure 1. Phases of Fatigue failure

Fatigue life

is the numbers of cycle to failure. Thus, we can count the fatigue life cycle as the sum of

crack initiation cycles ( ), and crack propagation cycles (

). Meanwhile the contribution of the final stage

(Stage III) is ignored. This is mainly due to the fatigue failure phenomena which are insignificant and very
rapid. However, avoiding the stress concentration could help to extend the crack initiation cycle of
component. This is mainly due to the fact that; the cracks are initiated on the point of high concentration.
Also the various weld treatment is processed to avoid any cracks on the surface.(ONEM UMUR, 2003)
=
2.1

+

(1)

Crack initiation

In terms of analyzing crack growth in macro level, crack initiation in welded connections is very
complicated. It is even more complicated as crack size is smaller (Short cracks- a < 1mm). This happens due
to the random crack initiation through various sources. Below lower the lower limit crack size (LEFM)
fatigue crack growth analysis cannot be applied. Such limit is recognized through microscopic analysis,
which is grain size, crack closure, and notch plastic zone size. Plastic zone size is estimated about 0.3mm;
the same parameter is upper bond for initial coalescence phase. Therefore, 0.3mm is considered as estimated
initial crack size, for the LEFM analysis, while considering crack propagation in T-plate joint. In other hand
the crack initiation size can be as small as0.05mm, if several other aspects such as Paris’s relation and
effective stress intensity factor ΔKeff is considered. Despite all most of the fatigue analysis are based on the
crack initiation depth from 0.1mm to 0.15mm. This limit is based on the experimental result. Despite all it is
clear that the initial crack size has significant influence on life cycle of any component exposed to a cyclic
load.(Nykanen, 1993)

However, steel structures at low ambient temperature are keen to grow yield capacity. That means brittle
6

cleavage failure is more likely, which means plastic capacity is compromised. Transformation due to low
ambient temperature allows Fatigue Ductile-Brittle transition, which means fracture mode due to fatigue
changes from ductile transgranular to grain boundary separation. Gain of the yield capacity allows existence
of small cracks as initial cracks.

2.2

Crack propagation

Once the initial crack has nucleated, initially the propagation rate is significantly low. It sometimes is called
the stage I propagation. Stage I propagation might have a large or a small number of cycles depending on
stress amplitude. If a part is subjected to a high cyclic stress loading, notches grows quickly to short the
crack initiation. The specimen will experience dramatically increase of propagation once reaches to second
stage. In this stage the crack propagation can have various direction rather than going to a constant direction.
The propagation stages could be long or short also depending on the cross section of the specimens, with
respect to stress amplitude.
The second stage of the propagation is often identified as two different patterns. Such patterns or markings
are defined as beachmarks and striations. If the failure patterns are seen with a constant ridge that is
propagating away from the crack tip are called beachmarks. These patterns can be observed visually, since
the patterns are in macroscopic level.(ONEM UMUR, 2003)

Figure 2.Benchmarks pattern (ONEM UMUR, 2003)

But striations pattern is developed in different way and they are in microscopic level. That is why they
cannot be observed with open eyes. That means the observation has to be done through the electron
microscope, such method could be either Transmission electron microscopy (TEM) or Scanning Electron
microscope (SEM).(ONEM UMUR, 2003)
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Figure 3.Striations found in fatigue (ONEM UMUR, 2003)

The pattern width in striation is depending on the stress amplitude. Nevertheless, both the patterns are
different, even though they are causing the same failure. They are different in both the origin and the sizes.
A single beachmarks literally can have thousands of striations. Meanwhile if the failure is very rapid, then
we cannot see the evidence of any such patterns discussed above, they rather be brittle or ductile
failure.(ONEM UMUR, 2003)

2.3

Fatigue strength

In case of steel structure, temperature has big influence on fatigue life of the component. The process at low
ambient temperature is the rapid nucleation of small surface cracks, which is followed by steady slow
growth until the component is separated in parts or the crack propagation is big enough for sudden fracture.
Nucleation is a phenomenon happens in polycrystalline material, which occurs due to phase transformation
(result of temperature difference between RT and exposed temperature). Meanwhile, elevated temperature
can have secondary effect which can elevate the crack growth rate. Such secondary effect can do weakening
of grain boundaries, cracks on internal boundaries, accelerated oxidation due to exposed crack surface. In
other hand the phenomena changes drastically in low temperature.(ONEM UMUR, 2003)

2.3.1

High temperature effect

Mechanical properties of steel are dependent to the surroundings temperature. Properties such as yield
strength, tensile strength, and modulus of elasticity are inversely proportional to the temperature. Due to the
phenomena the fatigue properties is also affected by the temperature. The deviation in mechanical properties
the steel can experience associated transformation on material through the diffusion process, aging,
restructuring of dislocation, and recrystallization. If those imply that allow the plastic deformation occur
more easily at an elevated temperature. Also provides easy path to the creep tendency due to elevated
temperature, helps to a constant plastic deviation under sustained stress.(Schijve, 2003)
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Concerning the fatigue, this would allow the plastic deformation with low stress then the creep is generated
more easily at micro and macro levels, the phenomena is enhanced significantly in presence of fatigue. The
creep failure occurs through the sliding of the grain boundary. General fatigue cases are due to trans granular
failure rather than the intergranular failure. This clearly indicates that the creep failure and the fatigue
failure are additive. The action together with the cyclic load and increased temperature are different to the
different material with reference to the elevated temperature. Fatigue in a combination with temperature
variant applies with some structure. We can consider turbine blade that are experiencing high combustion
heat, high centrifugal forces due to rotation and bending due to vibratory load. In some conditions, due to
high temperature the fatigue phenomena demand the requirement of a new material. Additional aspect of the
extreme temperature fatigue phenomena is that the temperature is not constant. General temperature
behaviour in industry is fluctuating. It can either be high temperature or a low temperature while the
operation is on mute. Due to the fact of the phenomena a cyclic stress is introduced to the material. While
talking about the high temperature fatigue the conditions imply that the fatigue stress and the temperature
are dependent to the function of time. That means the high temperature fatigue are dependent to the cyclic
load, time, and temperature. This way the combined effect is very complex, and the scenario can be
considered with reference to all three components. Even though having a practical specimen with all the
relevant component is very complex but to get a real capacity it is essential to have practical data through
numbers of tests. However elevated temperature fatigue specimens should be adopted to realistic time scale,
and the temperature need to be control more accurately since it is very critical to creep phenomena. Because
of these all the fatigue at high temperature is very critical to the structure exposed to such
condition.(Schijve, 2003)

Table 1. Reduction factor for stress-strain relationship of carbon steel at elevated temperature (EN-1993-12, 2005)

9

,

. .

=

2

3

. 2. 106

(2)

The equation explains how the FAT class is impacted and should be adjusted in order to equivalent
temperature impact. Low temperature always tends to shrink the steel, which eventually means grow in yield
and tensile capacity.

2.3.2

Low temperature effect

The effect from high to low temperature changes the failure mode from ductile to brittle. As we discussed
earlier the ductile failure happens at high temperature and the plastic deformation like necking are visible.
But on other hand, the brittle failure happens so suddenly without any visible evidence. One solution to the
problem would be to select cryogenic grades. This way the structure will be way too expensive. Use of
cryogenic grades steel is not economically viable. As discussed earlier the arctic exploration has arisen the
curiosity about the steel fatigue capacity at low or sub-zero temperature. In general circumstances brittle
fracture can be referred to the ceramic materials, which has very limited plastic deformation. The same
phenomenon is valid when the metallic material is exposed to the very low temperature. Additionally, if the
material is experiencing high corrosion rate, that could also lead to brittle fracture even though the stress is
very low or in a presence of constant loading. That can be referred to stress corrosion cracking. A regular
micro mechanism causes the brittle fracture called cleavage; this indicates gradual separation of atom by
tearing through the fracture plane in sudden manner. Fracture toughness is one measure factor to determine
the efficiency of the material regardless of being ductile or brittle. In the presence of cleavage, the amount
can be studied in a multiscale context. LEFM conceptualised by Griffith and Irwin gave a new perspective.
Which tells there is an important association between the crack driving force “G” (the energy drop related to
unit area of a new surface), and stress intensity factor

.The macroscopic (continuum) linear–elastic

fracture mechanics (LEFM) developed by Griffith and Irwin brought to light an important relationship
between the crack driving force G (the energy drop related to unit area of a new surface) and the stress
intensity factor KI as,

=

.

(3)

An energy is always needed for any new fracture. Such energy either can be supplied through elastic energy,
or the external stresses. That is why; if the fracture is unstable Griffith criterion has given the expression,
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Gc ≈ 2γ

(4)

The expression symbols are,
γ = surface energy, that further is expressed as which is considered as resistance of cleavage.

≈

(5)

.

The needed surface energy to break the amorphous or an ideal crystal in to individual atom can also be
expressed in to the cohesive or a bonding energy. Such bonding energy for the surface atom is considered
half of the relevant atom. That is due to the two fracture surface, this gives us,

=

(6)

U= The cohesive energy dedicated to single atom

S= Area of a single atom on fracture surface

=

2

1/2

(7)

Most of crystal ceramics and for metallic, U and S value for are measured in unit eV/ atom and 10

respectively. Value of U is calculated, either by experiment (twice of sublimation energy) or through
initio or semi-empirical interatomic potential. By considering the equation 1-5, we could analyse the fracture
toughness of any ideal brittle fracture, where the value could be as low asK ∈ (0.5, 1)

/

. This

range tells a low-bound physical benchmark to the fracture toughness of engineering material, and this
matches well to the result achieved through the test.(Pokluda & Pavel , 2010)

Fatigue crack propagation is highly dependent to the temperature, that means it could vary depending on
either the temperature is above or below the fatigue ductile to brittle transition. The phenomenon is more
relevant to the ferritic steel. The experimental evidence suggests that the low temperature minimizes the
crack propagation rate but the phenomenon is

valid until the FDBT temperature is reached. Once the
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temperature is reached below the FDBT, the crack propagation is more significant. Such encounter may
cause the fatigue failure earlier than expected. The change in behaviour due to the low temperature are often
explained as the result of two competing effect. (Alvaro, et al., 2016)

Flow stress which is essential to have plastic flow is experienced once the temperature goes down. Such
stress can be isolated in two separate contributing factors. The first one is an effective stressσ , which is
experience due to short range interaction . , and the stress is inversely proportional to the temperature and
the loading rate. Simultaneously long range stress σ is also present to generate the effect. However, when

the temperature reaches below FDBT in terms of steel, the crack propagation is also elevated. Crack
propagation is increased as micro cleavage cracking, and coalescence grows more significantly. However,
the effects due to the stresses mentioned can have various consequences. The consequences of low
temperature effects could be such as loss of crack resistance capacity, loss of impact resistance energy, cold
forming (leads to low ductility) etc.(Alvaro, et al., 2016)

In initial stage, let’s assume the “stage I fatigue” could be the grow of stress intensity threshold (ΔK ), this
has the influence from the plastic zone size, which is inversely proportional to the Temperature. In reality
the cleavage propagation is more significant in further stage (Stage II and Stage III) which are below the
FDBT. On the stage II and III, growing tensile stress will increase the cleavage at the point where the cracks
are initiated. Cleavage or brittle intergranular cracking simultaneously cause the micro void coalescence.
This is how the significant crack growth rate will be experiencing higher Stress intensity
(ΔK) in comparison with stress intensity in room temperature. Through the experiment and other various
observations, lowering temperature of ferritic steel can be similar as shown in Figure 1.(Alvaro, et al., 2016)

Figure 4.Schematic diagram of crack propagation can be experienced below FDBT as compare with normal
temperature (Alvaro, et al., 2016)
3

FATIGUE ANALYSIS

Analysing welded connection with respect to fatigue is a complicated process with full of challenges. It is
12

mainly due to the welded connections that are mostly subjected with multiple loadings types, various
geometrical configuration, and also due to the complicated geometry. Fatigue analysis directly or through
other means combines the comparison of loading, stresses or strains critical values that cause the damage,
strains, size of initial crack, crack propagation, or failure. Classical way of analysing fatigue impact through
available database from experiment result were not very exact since the database was very limited and the
analysis method was not very scientific. Most of the design, detailing and modelling were presented through
experienced achieved from trial and error method.

Figure 5. Global and local approches for fatigue strength and fatigue life assement(Boris , et al., 2018)

In recent years there are various approach for the fatigue life analysis , which mostly depends on the method
to obtain the local concentration factor. Meanwhile in the global analysis method is analysed through
nominal stresses , and acting moment on critical section , which is based on the assumpion linear stress
distribution.However, the local concentration towards loading side are considered in S-N curve . Local
fatigue assesement comes from local parameter such as local stresses of local deformation are also
considered through the geometry. Commonly used varient through global and local analysis of the fatigue
assesement are presented through the “Figure 5”Individual varients are represented through distinct
parameters of deformation, stress or loading.(Boris , et al., 2018)
3.1

S-N curve approaches

In order to evaluate fatigue of any steel structure, each and every component of particular structure has to be
analysed separately. Even though there are several approach that are not based on S-N curve analysis
approached , there are many follows S-N curve approach. S-N curve approach means analysing the
resistance capacity with referance to S-N curve, such curve are based on testing result subjected to multiple
stresses and amplitudes. Where, S represents relation between veriable stresses “S” and “N” represents
number of stress change.(Boris , et al., 2018)
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∆ =

∆

+

.

(8)

m =slope of S-N curve in angle
∆ = Amplitude with reference to stress change N
∆ = Amplitude with reference to stress change

Figure 6. Introducing the relation of loading and S-N curve (Boris , et al., 2018)

Figure 6, clearly indicates that the allowable stress range is decreases, when number of cycle (N) increases.
The bilinear S-N curve assures certain slope (generally m=3) to maintain constant amplitude fatigue limit.
However, fatigue life of certain geometry exposed to stable stress amplitude which goes below certain limit
is not bounded. Specimens those are exposed to a high number of stress cycle will fail when it reaches to
limit.Meanwhile, if the specimen is subjected to variable amplitude , constant amplitude fatigue limit
assumption (CAFL) should be show be modified. Such adoptation is different according to the code. For
example Euro code suggests change of S-N curve with change in slope m=5 , considering the change in CA
with horizontal line N=10 (cut off limit). But in other hand IIW suggests S-N curve slope m=22, by
ignoring any cut off limit. However, in constant amplitude, it is assumed that the effect is negligible and
single line through stable inclination to horizontal is considered. Even though it can be considered as one of
a conservative approach.(Boris , et al., 2018)

S-N curve is not isolated from other approach, where crack initiation and propagation are in focus but it
considers overall live of an element. It describes the co-relation between stress range to stable amplitude and
ranges number to failure.(Boris , et al., 2018)

3.1.1

Nominal stress approach
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General principle and norms for fatigue assessment are usually based on nominal stress approach; this
approach represents a global approach of fatigue analysis. Nevertheless, the failure of any structure due to
fatigue is a localized impact. Local impact due to the concentration factors are considered in S-N curve.
However, this method acknowledges geometrical variation (e.g. cut out, holes) that could change the stress
pattern easily. Even though this approach does not consider the local effect (Concentration factor, initial
crack size) directly through local concentration factor, but such effects are considered through S-N curve.

Figure 7. Nominal stress displayer on a beam element (Boris , et al., 2018)

Most of the design norms have well adopted relevant S-N curve while perusing nominal stress method.
However, the category of details varies with reference to the element geometry, loading type, crack position,
so the corresponding weld detail should match the criteria given in the guidelines. As mentioned the
category of detail varies, specimen’s geometry, stress, and crack position, specimens weld detail should be
identical to the guidelines. This approach is not effective for the complex geometry that is not assigned to
the available S-N curve. Due to the circumstances local approaches are applicable to the complex
geometry.(Boris , et al., 2018)

3.1.2

Structural Hot Spot Stress approach

Earlier hot spot stress approach was considered only for fatigue design of tube connections, but lately it is
used also for plate element design. Hot spot is a location referring to a weld toe expected to have initial
crack. Such possible failure locations are considered as points of interest in this approach.(Boris , et al.,
2018)

Figure 8.Fatigue crack possible initiation in

welded joint(Boris , et al., 2018)
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Fatigue life of any welded joint is dependent to the existing imperfections, and the concentration factor due
to the forces acting on the specimens. The concentration factor is the result of the specimen’s geometry, and
notch effect within the weld. Hot spot stress approach combines the membrane stress, and bending
stress(plate bending).(Boris , et al., 2018)

General approach of this method is to eliminate nonlinear component through stress computation, since it is
impossible to get the real picture of weld geometry in advance. This approach includes S-N curve, which
compensates the impact of the local concentration inside the weld and the effect due to imperfections.
However, low number of S-N curve is sufficient as compare with nominal stress approach. The method is
applicable, when the nominal stress approach is not relevant due to complex geometry or in case the given
specimen’s detail cannot be categorized through available standard.(Boris , et al., 2018)

When the circumstances are so that the nominal stress simply be calculated, the concentration factor are due
to the effect is evaluated accordingly. Such factors available for specified detail. Structural stress approach
can be expressed as follow,
=
where

.

(9)

is the structural hot spot stress, Ks is the structural stress concentration factor,

is the nominal

stress.

In general,

is determined through FEM (finite element method). It is mainly due to the reason, that

analytical method is not available in most cases. FEM analyses are conducted based on the assumption of
linear elastic theory. The FEM application should consider the plate bending theory, meanwhile a special
consideration is needed while selecting hot spot. Even though FEM analysis is an algorithm that helps to get
concentration factor in more simple way, but modelling and selecting the hot spot is always critical to get
effective value.FEM analysis also combines the effect due to misalignment of geometry in fabrication
process. Such misalignment is causing secondary bending moment, which is considered in FEM analysis.
Addition factor “Km” is considered to compensate the geometrical misalignment.

Thus the adjusted

nominal stress can be achieved as below,
=

.

,

+

(10)

,
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,
,

= membrane stress
= bending stress

Hot spot approach can also be calculated through the stresses at reference point. Once the stress at reference
points is determined, then stresses are derived with extrapolation. Extrapolation excludes nonlinear stress;
rather the stress is extrapolated at the location where the stress distribution is linear. Such reference point
for the plate element is considered at a distance of 0.4t, where “t” indicates thickness of the plate specimen.

Figure 9.Combined effect on hot stress method (Boris , et al., 2018)

Figure 10.Reference point for evaluation in hot spot method(Boris , et al., 2018)

IIW has similar norms concerning the reference point for the linear extrapolation. Other than that in case of
the plate element that is supported by elastic stiff support, the value could have bigger deviation. In order to
counter such high deviation three different reference points are considered. Even though those reference
point has big influence on the result but, the design assumption is so that the crack initiation occurs at weld
toe. Another fact is that the local stress near crack initiation (weld toe where the crack is expected) are not
linear, such nonlinear analysis are mostly carried out on FEM analysis. Mess design in FEM analysis is
critical since the result may vary on its size.(Boris , et al., 2018)
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3.1.3

Effective notch stress (ENS)approach

ENS approach is being well adopted in industry, and various design codes like AISC and EURO CODE
have also adopted this approach. The approach considers fatigue effective notch stress by applying reference
notch radius. ENS is based on material’s linear elastic behaviour. If local stresses at crack initiation point is
evaluated while analysing fatigue assessment, such elements strength can be evaluated by S-N curve.
Meanwhile weld implementation always has some impurity and notches generate additional stress, those
impurities can have reduction to fatigue life. All the acting stress inside the weld is the sum of stress due to
geometry and the weld itself. Notch stresses can varies depending on the notch radius, or it’s sharpness.
Regular ENS approach is based on the notch size with a specific value. Even though, such imaginative
radius can be either 1 mm or 0.05mm, it is mostly considered as0.05mm. However, in terms of plate
thickness over 5mm, it is 1mm. Fatigue design with effective notch stress method is done in same way as
nominal stress approach, but ENS considers local effective rather than the global perspective in nominal
stress approach. Where the fatigue assessment is done through the comparison of competent fatigue stress
amplitude with reference of S-N curve suggested by IIW.(Boris , et al., 2018)

Figure 11.Stress evaluation possinle positions in ENS method(HOBBACHER, 2015)

Fatigue strength data to the graphs are gained from sample tests. The imperfections that have influence on
stress amplitude are considered in S-N curve. Even though the imperfections are considered in S-N curve,
such imperfection should be considered in our analytical calculation.(Boris , et al., 2018)

3.2

Linear elastic fracture mechanics

This approach considers crack propagation in any material is source to fatigue failure. Initially this approach
came in use through Paris’ law, which build the link between crack propagation ratios to the elastic stress
intensity factor within the crack’s top in elements that are sensitive to cyclic stress. This approach comes in
use, when crack occurs and crack propagation cannot be considered through SN curve.(Maddox, 2018)(G.,
2016)
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Figure 12.SN curve in relation to stress amplitude and number of stress variations. (b) Crack size in relation
with number of variations for one test.

On figure 12a image shows the S-N curve is plotted with stress range, and number of cycle. Meanwhile on
figure, 12b image shows crack size with reference to number of variation with one testing. This approach is
influenced through stress field, but does not have impact from stress concentration on weld notch. Stress
intensity at crack’s tip is expressed through stress intensity factor.
= . σ0 .√ ∗

(11)

Y= Correction factor has function with crack size

= Uniformly distributed stress

= crack size of weld

This approach takes in account consequences of initial crack that leads to failure through propagation.
Crack growth rate (da/dN) can be evaluated with follow Parish-Erdogan law.

=

∗

(12)

C = Crack growth constant (Based on materials specification)

= Difference, or variation of stress intensity factor

m = Factor based on material

19

Figure 13.Slope parameter of Paris-Erdogan law (based on the material)(Boris , et al., 2018)

Figure 13, indicates that the initial crack propagation is rather slow and will not cause the failure. Second
stage is faster compare to slow crack propagation but follows a stable pattern. When crack propagation
reaches to the unstable crack growth, then crack propagation happens through multiple sources. Number of
cycle represents fatigue life of an element can reach until a crucial crack size, before failure. This method
can be more accurate compare to other approach with respect to S-N curve. Crack propagation can go
through three different modes. Crack propagation pattern is described in crack propagation chapter. Patterns
are also shown in Figure 13.

Figure 14.Various mode of crack propagation.(Boris , et al., 2018)

Figure 14, displays a typical crack propagation curve according to fracture mechanics approach. In this
method, the fatigue life is estimated with reference of crack initiation cycle, and stable propagation cycle.
When it reaches to unstable crack growth that cycle is eliminated from the fatigue life since any single cycle
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in this phase can reach to failure. Meanwhile in design, where unstable crack growth is possible, cycle
before reaches to unstable crack propagation is considered.

While estimating fatigue initiation cycle in weld it is often short, this varies on weld quality. Thus, it is
neglected. Integration of Parish- Erdogan law gives is used to obtain fatigue life in any welded joint.

,
,

=∫

=∫

∗

∗

(13)

= Number of stress cycle between

a = crack size (

>

)

D = crack growth constant

Equation assumes that load is acting in only one direction. Paris-Erdogan law for fatigue, it is assumed that
the crack size is very small (a < 1 mm) and not measurable. However, if the crack is big enough and can be
measured, it is viable to estimate the cycle that can be critical to fatigue failure. Having said that the method
describes crack propagation in proper manner, except some exceptions. Weld tip always is flexible to some
plasticity. In case the plastic zone is small enough, linear plastic parameter can justify plastic progresses in
crack tip, and fatigue assessment also includes stress intensity factor due to loading. Meanwhile plastic
deformation has some influence to elastic stress zone of crack tip. Due to the effect a new stress intensity
factor is applied, which covers the influence due to the plasticity. Elastoplastic fracture mechanics comes to
effect including some of the additional factor due to non-linear functionality when the crack through plastic
deformation is significant. Various methods have been applied for the analysis of no linear analysis but
crack tip opening displacement (CTOD) and J.integral are commonly used for nonlinear analytical analysis.
J.integral method that was introduced by Rice considers the displacement of energy during the crack growth.
One of the advantage of this method is, that it takes residual stress and weld geometry into account. In other
hand, it is learned through the experience that the residual stress has negligible influence on result.(Boris , et
al., 2018)

However, CTOD considers plasticisation, which determines value due to crack opening. Further the value is
physical, and can be analytically analysed. This approach analyses crack tip movement during high and low
stress to illustrate crack growth. Even though the phenomenon is insufficiently explored, this approach has
high potential once we understand fatigue crack

growth phenomena due to temperature more accurately.
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Nowadays, fracture mechanics has evolved as one of the general approaches to fatigue analysis of weld. One
of the major drawbacks of fracture mechanics is to estimate the initial crack size. Another drawbacks is
based on the assumption and more likely not possible to measure.

There is much ongoing research to support fracture mechanics approach in welded structure. Based on NDT
(non-destructive evolution data) fracture mechanics has many flaws such as, crack initiation size, material
specification, number of stress cycle.(Boris , et al., 2018)
3.3

4R method

4R method is a modern concept to analyse fatigue strength of welded structures, which was conceptualized
and developed by laboratory of steel structure at LUT University. Traditional fatigue analysis approaches
are based on either global (nominal) approach, or local approaches. Those approaches were based on tool
such as stress, strain, or stress intensity factor, although they could differ in terms of constant and variable
amplitude. However, 4R method is an approach that is applicable to both constant and variable amplitude.
4R fatigue assessment considers four different “R” factor to explore more accurate solution. There “R”
factors are,(Ahola, et al., 2018)
1. Material strength,
2. Weld toe radius r
3. Residual Stress, σ

4. Applied stress ratio, R

Figure 15. Calculation cycle using 4R(Ahola, et al., 2018)
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=
Additionally, “

(14)

” indicates fatigue capacity, “

local stress ratio. Factor such as C

and m

” is the slope of any relevant curve, and “R

” is

comes through the earlier experimental result. This approach

also revolves through conventional method like, ENS, Ramberg-Osgood relation, Neuber’s theory,
Bauschinger’s effect and SWT criterion. Traditional method like EC3, and IIW are giving more conservative
design guideline, but in other hand 4R method is more competitive and meanwhile it considers post
treatment of the weld more efficiently.(Ahola, et al., 2018)

In the equation “12” Δσ

is ENS range, which is considering weld toe radius similar to ENS approach. In

equation “14” the concentration factor such as K

,

( )

(membrane concentration) , membrane,

concentration due to bending K , ( ) , bending stress (σ ), and Hot Spot stress (coming through FEA) are
considered together.(Ahola, et al., 2018)
=
=

4

+
,

( )∗

(15)
+

,

( )∗

(16)

LITERATURE REVIEW

Even though there is an influence due to low temperature on the fatigue life, there is not any additional
consideration or reference for steel structure design in low temperature is in practise. Design code such as
Euro Code (European norms) and American codes also ignored the influence of low temperature in fatigue
design. That means same material specification is applied for the design at any temperature. This means on
those codes it is assumed that the low temperature is not deteriorating any of the properties.

4.1

Non welded specimens

4.1.1

Structural Steel S420

Structure steel S420, having 50mm thickness was considered for the research work. The investigation was
carried out with reference temperature -60°C, by assuming it is the lowest exposed temperature. Initially the
research was focused only to determine fracture toughness of S420.(Alvaro, et al., 2015)
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4.1.1.1 Material
The material considered for the examination is a S420 of 50mm thick plate. Chemical composition and
mechanical properties regarding S420 are shown in table 2 and table 3 respectively. Mechanical properties
of material at room temperature is extracted through linearly extrapolated of the tensile test at various
temperatures including one in -60°C.

Table 2. Chemical composition of S420 (Alvaro, et al., 2015)
C
0.09

Si
0.19

Mn

Cu

1.54

Ni

0.28

0.72

Ce
0.42

Table 3. Mechanical properties of S420(Alvaro, et al., 2015)
Temperature

Yield Strength

Ultimate Strength

Yield to

(°C)

(MPA or N/mm2)

(MPA or N/mm2)

Tensile Ratio

Room Temperature

450

549

0.82

-60°C

508

626

0.81

*Linearly extrapolated method was applied to get the room temperature data, with reference result from
value at various temperature, ie0, -30, -60, -90°C.

4.1.1.2 Thermal simulation S420
Thermal simulation was carried out to achieve the microstructure, that matches a genuine course grained
heat affected zone (CGHEZ), and inter critically reheated course grained heat affected zone (ICCGHAZ).
Gleeble unit was applied to establish required heat cycle. Single cycle heat treatment approaches were
applied to generate needed simulation. Imposed high temperature of 1350°C was gradually taken down. The
time interval of 15sec was imposed to cool the surface from 800°C to 500°C.(Alvaro, et al., 2015)

Figure 16. Time temperature effect (HEZ) of S420.(Alvaro, et al., 2015)
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Besides the single cycle, additional double cycle approaches were out through to simulate ICCGHAZ.
Where the applied pick temperatures were 1350°C with respect to first cycle, similarly 780°C for second
cycle, with imposed cooling time interval of 15sec to drop the temperature from 800°C to 500°C. Reference
to Figure17 CGHAZ, it shows the microstructure contains upper bainite and partly martensite.(Alvaro, et al.,
2015)

Figure 17.Microstructure of steel surface after heat simulation CGHAZ.(Alvaro, et al., 2015)

Table 4. Mechanical properties that represents the weld simulated CGHAZ.(Alvaro, et al., 2015)
Temperature

Yield Strength

Ultimate Strength

Yield to

(°C)

(MPA or N/mm2)

(MPA or N/mm2)

Tensile Ratio

Room Temperature

519

701

0.73

-60°C

548

785

0.69

*Linearly extrapolated method was applied to get the room temperature data, with reference result from
value at various temperature, ie 0, -30, -60, -90°C.

Table 5. Mechanical properties that represents the weld simulated ICCGHAZ.(Alvaro, et al., 2015)
Temperature

Yield Strength

Ultimate Strength

Yield to

(°C)

(MPA or N/mm2)

(MPA or N/mm2)

Tensile Ratio
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Room Temperature

475

668

0.71

-60°C

508

761

0.67

*Linearly extrapolated method was applied to get the room temperature data, with reference result from
value at various temperature, ie 0, -30, -60, -90°C.

Figure 18.Mmicrostructure of steel surface after heat simulation ICCGHAZ.(Alvaro, et al., 2015)

Reference to Figure 18 ICCGHAZ, it shows the microstructure also contain upper binate with partly
martensite – austenite island with austenite grain boundaries.

4.1.1.3 Fatigue crack tests procedure
The experiment is based on ASTM E647-13 standard. An initial crack is applied for the experiment by
devaluating K-values until the final K-values was achieved at a crack length of 6mm depth. To the
establishment of bottommost threshold stress intensity factor for the experiment programme, ieΔK , the
load amplitude is decreased by 5 % with initial value of 10-12MPam

/

and lowering gradually as far as no

crack growth is recorded around 500000 cycles. To be able to develop crack gradually, ΔK raising to 2.5 %
higher load to is providing value for ΔK

. This way the fatigue crack growth was detected. In order to get

the fatigue curve K value was gradually increased. Either two or three specimens were analysed to get an
accurate crack growth rate curve for each material. The validity of test was confirmed, as soon as the
fracture surface of each specimen was analysed and seen uniform, rather than having any
irregularities.(Alvaro, et al., 2015)

4.1.1.4 Fatigue crack growth
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BS 9710:2013 was taken as the reference to gain quality guarantee of the fatigue curve achieved through
various tests. Test result explored the fact that the fatigue crack growth curve has clearly improved as soon
as test temperature was lowered from room temperature to -60°C. Similarly, in terms of CGHAZ the fatigue
behaviour has no significant changes in room temperature and -60°C.(Alvaro, et al., 2015)

Table 6. Comparison of test result with reference to BS 7910: 2013, C and m values is explained in Paris equation “11” (Alvaro,
et al., 2015)

Further achieved results are compared to the standard crack growth curve parameter as per BS 9710:2013.
Test result indicates that the material under consideration has performed better than BS 9710:2013. This
indicates the standard BS 9710:2013 is more conservative compare to the test result of S420.The crack
growth rate for CGHAZ at surrounding temperature about -60°C (Figure 19),is about eight times slower
than in room temperature (having same conditions), and is more than ten times slower than the reference
curve from standard BS 7910-2013.Such result can deviate for other than homogeneous cross section, that
means welded sections can act differently.(Alvaro, et al., 2015)

Figure 19. Fatigue crack growth curve through experiement , a) Overview of all experiment result, b) Only
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base metal result comparison with standard BS 7910, c) Result include the weld simulation CGHAZ, and d)
Result include the weld simulation ICCGHAZ (Remarks: As shown in the graphs all the tests are done in
room temperature, and as well as in -60°C.(Alvaro, et al., 2015)

Figure 20. Surface out look after failure , a) ICCGHAZ SENB specimen tested at -60°C, and b) ICCGHAZ
SENB specimen tested at -60°C with irregular cracks (Alvaro, et al., 2015)

4.1.2

Structural Steel S460

4.1.2.1 Material
Thermo mechanical rolled S460M steel of 40mm thickness is used for the specimens for the research. All
the test results are taken through unwedded base material. The yield capacity and the ultimate strength
capacity of the material are taken form manufacturer catalogue. Yield capacity at -80°C, are estimated with
reference to BS 7448-2.(Alvaro, et al., 2015)
Table 7. Mechanical properties of material. (Alvaro, et al., 2015)

Table 8. Chemical properties of the material. (Alvaro, et al., 2015)

4.1.2.2 Charpy test S460
Charpy V-notch test which explains the energy observed by material were utilized at various temperature
from -87°C to -20°C with respect to ISO 148(Organization, 2009).CTOD were executed at temperature 85°C, -75°C, -65°C, and -55°C with reference to BS 7448(British Standards Document, 1991). Experiments
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were executed in the 3-point bending SENB (Single Edge Notched Bending) arrangement on overall
thickness of specimens. Height of the specimens is double to the thickness of the specimens, following the
cross section is 40mm thick and 80mm high. Notches were enlarged by 3mm long initial cracks to realize
crack length (a)to height (W) proportion about 0.5.(Alvaro, et al., 2015)

Figure 21.Fatigue test specimen on top and fracture specimen bottom.(Alvaro, et al., 2015)

Figure21also shows the arrangement that was practiced during the test arrangement, where the temperature
was managed by locking the specimens in dedicated chamber. The chamber was filled with liquid nitrogen
gas. The tests were carried out according to the ASTM E647-08. Ascending and descending process was
implemented at room temperature (RT), -60°C, -70°C, -77°C, -100°C, and -120°C. Lowering the
temperature was carried out by inserting the liquid nitrogen gases through the copper tube that was attached
to the chamber. Control of temperature was done by thermocouple were attached to the specimens. Initially
load of 220kN was enforced to the specimens, so that the load is stable and within a line.(Alvaro, et al.,
2015)

Table 9. Test circumstances, Charpy and CTOD tests were carried out three times.(Alvaro, et al., 2015)
CHARPY

CTOD

FATIGUE

-20°C

-55°C

-20°C

-40°C

-65°C

-60°C

-50°C

-75°C

-70°C

-60°C

-85°C

-70°C

-70°C

-77°C

-75°C

-77°C

-80°C

-100°C

-87°C

-120°C
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The orientation of fracture and fatigue specimens were same relative to the rolling direction. The rolling was
towards the height direction, and the designed cracked tip was exposed to through thickness direction, where
the span was placed in transverse direction.

Figure 22.Charpy test curve, including the fracture toughness

.(Alvaro, et al., 2015)

4.1.2.3 Crack growth
The energy observes curve presented through Charpy test, where the surface display was reported with the
method that is identical to Manahan et al.(Manahan, 2008), in which the result picture was recorded. Further
the analysing software was utilized to analyse the boundaries to percent shear zone. Several mathematical
function was utilized further to evaluate the FATT. Crack tip opening displacement (CTOD) was used to
obtain

as mentioned as in BS-7910-2013.(Alvaro, et al., 2015)

=

1.517 ∗

σ

σ

−0.3188

∗

σ ∗

2

∗

(17)

Figure 23. Fatigue crack growth results of the experiment from RT to -70°C shows decrees in fatigue crack
30

growth, but the crack growth is scattered when the temperature is increased from -70 °C to -77 °C. However,
the curve shows the stable crack growth curve below -77 °C. The experiments are ranged in three different
stage, they are ranged from RT to -70 °C, -70 °C to -77 °C, and below -77 °C.(Alvaro, et al., 2015)

4.1.3

Structural Steel Q370qE

The high performance steelQ370qE is mostly used for bridge engineering (exposed in extreme cold
environment). Where Q370qE has the nominal strength of 370MPA, and are appropriate to a thicker plate.
Such component can be exposed to the temperature up to -53°C.(Liao, et al., 2019)

4.1.3.1 Material
In Q370qE, initial Q370 is dedicated for the yield capacity of the steel at RT. Letter q represents the
application of this particular steel grade, which is bridge engineering in this case. Finally, E indicates the
quality of the steel.(Liao, et al., 2019)

Table 10. Chemical properties of the material. (Liao, et al., 2019)

Where GB/T 714 is recommendation chemical composition for particular steel grade in China.
Table 11. Mechanical properties of the material.(Liao, et al., 2019)

4.1.3.2 Fatigue tests
To analyse the fatigue crack propagation in Q370qE grade steel at RT, and low temperature several test
scheme is introduced. They are, strain- controlled fatigue test, and FCP tests. (Liao, et al., 2019)

4.1.3.3 Strain controlled fatigue tests
The experiments are conducted for numbers of specimens through strain controlled fatigue tests at a RT, and
-60°C, according to ASTM E606-12. Figure24 shows the geometrical configuration for the specimens. The
radius of smooth experiment sample in the gauge area is 3mm.

31

Figure 24. Specimens for the strain controlled fatigue text.(Liao, et al., 2019)
Strain ratio wasR = −1 , and 8mm extensometer is adopted for the experiment. For the test strain rate is set

to 0.8%/sec set through three sided wave shape. Similar to other tests liquid form of nitrogen gas is inserted
to get required low temperature. The tests experiment overview can be seen in Figure 25. Where “Figure25a
“shows low temperature test setup, “Figure25b” shows setup of specimen clamped with extensometer, and
“Figure27c” shows crack propagation test adjustment respectively.(Braun, et al., 2019)

Figure 25. 25.A) Test scenario, 25.B) Strain controlled test with smooth coupon.
4.1.3.4 Fatigue crack propagation tests
The research was carried out also to study FCP performance at various temperatures, like RT, -20°C, and 60°C. Considered stress ratio for fatigue crack propagation tests are 0.1, 0.2, and 0.5. Due to the
circumstances the crack growth rate varies under the range of 10

10 m/cycle.(Liao, et al., 2019)

Figure 26. Specimens for CT.(Liao, et al., 2019)
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Figure 27. Specimens experiencing the impact during CT test.(Liao, et al., 2019)

The applied load in a controlled manner endorse a sinusoidal waveform shape load having frequency about
20Hz. That experiment overview can be seen on Figure25A, and 25B. As soon as the specimens is exposed
to the setup dedicated to the experiment, the crack expansion is recorded a gauge dedicated for the purpose.
Simultaneously with help of recorded data crack propagation is estimated. (Liao, et al., 2019)

4.1.3.5 Fatigue crack propagation
The test results shown the fatigue crack propagation at various “R” value. “R” value is 0.1, 0.2, and 0.5
respectively for the results shown in Figure 28, 29, and 30.(Liao, et al., 2019)

Figure 28.Research result of fatigue crack growth propagation of steel Q370qE, with reference to R=0.1 at
temperatures, RT, -20°C, and -60°C.(Liao, et al., 2019)
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Figure 29. Research result of fatigue crack growth propagation of steel Q370qE, with reference to R=0.2, at
temperatures RT, -20°C, and -60°C.(Liao, et al., 2019)

Figure 30.Research result of fatigue crack growth propagation of steel Q370qE, with reference to R=0.5,
RT, -20°C, and -60°C.(Liao, et al., 2019)

Fatigue crack propagation curve earlier has same R value but the temperature is changed gradually but in
Figure 31 a, b, and c below are various R value with constant temperature. (Liao, et al., 2019)

Figure 31.Propagation curve test at a constant temperature with various stress ratios (R) values.(Liao, et al.,
2019)
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After analysing all the results, it is evident that the reduced in temperature enhances the resistance capacity
of fatigue crack propagation. This happens due to the fact that the yield capacity of specimens is increased
when the temperature is decreased. Although the initiation process is enhanced to some extent, the effect is
negligible because the nucleation period is short as compare with crack propagation. Simultaneously, yield
capacity is decreased when the temperature is increased. This means fatigue crack propagation curve is weak
(high propagation rate) if the temperature is increased.(Liao, et al., 2019)

4.1.3.6 Alternative result Q370qE
The findings remains similar as in section 4.1.1 and 4.1.2 this alternative research. All the research and
analysis process is also same with some minor change.(Wang , et al., 2018)

Figure 32. Fatigue crack propagation of base metal.(Wang , et al., 2018)

The output looks identical to the test result earlier as shown in Figure 29, and Figure 31 respectively, having
same “R” value as earlier.
4.1.4

Structural Steel S980

The research paper was published through “TNO, Van Mourik Broekmanweg 6, Delft 2628 XE (20th
European conference on fracture “ECF20”), The Netherlands. This is another research that was carried out
to study the fatigue crack propagation in terms of high-strength structural steel. Generally, those curves
follow log-log graphs and they are presenting crack growth in vertical axis and stress intensity factor in
horizontal axis. Some of the required material parameter of S980 and S460 is presented on table12.(Leroy
Walters, 2014)
Table 12. Mechanical properties of S980, and S460.(Leroy Walters, 2014)
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Specimens with reference to the material above is utilized to carry out the Charpy Impact test according to
ISO 148(ISO 148, 2009). Charpy transition curve was fit to a tanh function through least squared, the same
function was applied to analyse the temperature as similar as in chapter 4.3.The Charpy transition curves
looks as follow for the S980(High strength steel), and for the reference comparison material S460.(Leroy
Walters, 2014)

Figure 33.Charpy transition curves for S980, and S460.(Leroy Walters, 2014)

Following the similar process as in chapters 4.3.2, and 4.3.3, crack propagation data is presented in Figure
34. Where the ΔK is considered in descending and ascending order.

Figure 34. Fatigue propagation curve for S980 and S460 with reference to ΔK in descending order.(Leroy
Walters, 2014)
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Figure 35.Fatigue propagation curve for S980 and S460 with reference to ΔK in ascending order.(Leroy
Walters, 2014)

The research clearly indicates that the low temperature is critical to S980, which means the crack
propagation with S980 is significant as compare with S460.This is mainly because fatigue crack growth
decrees until material reached to FDBT. In case of S980 FDBT comes much earlier than S460 as shown in
Figure 34, and 36.(Leroy Walters, 2014).
4.2

Welded Joint

4.2.1

SMA490BW Full penetrated BUTT joint

In SMA490Bw, 490 is dedicated for the yield capacity of the steel at RT. Other letter represents application
and quality of steel structure norms in China. The temperature considered for the research is from 0°C to 40°C this research the specimens were a welded join with filler material JM-55II. The material properties,
and chemical composition of base material and filler material are presented on table 13, and 14.(Yongshou ,
et al., 2016)
Table 13. Chemical properties of SMA490BW.(Yongshou , et al., 2016)

Table 14. Chemical properties of SMA490BW.(Yongshou , et al., 2016)
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Specimens having a welded connection is taken for the research in this chapter. Both mannual and
automated butt welded sample are considered for the test. The schematic orientation of the weld preparation
with dimention is shown in Figure 36. The size of the specimensare 350mmx150mmx12mm. The groove
preparation is done with 30° slope on both side , having 2mm of gap between the specimens. Weld is with
single wire where, the shielding gas was 80%Ar, and 20% CO2 . Recognized electronic testing machine
DNS3000 was utilized for the tests, such as tensile capacity, bending capacity , and other impact properties
due to temperature runs through -40°C to 0°C. The machine is set to move at 3mm/min. Meanwhilefour side
bending tests also implemented on the welded joints. In terms of impact tests the sample was introdiced to
JBN-300 impact test machine. Similar to other tests like in chapter “4.4” for steel Q370qE liquid was
injected, to be able to achieve required temperature for the test.(Yongshou , et al., 2016)

Figure 36.Weld groove sample
Figure37 shows the microstructure of the weld and the hardness around it.(Yongshou , et al., 2016)

Figure 37.Microstructure of specimens on left side, and hardness distribution around the joint on right
side.(Yongshou , et al., 2016)

Through tensile test the differentiation on yield capacity and ultimate strength capacity due to temperature
are analysed. Figure 37, shows the significant strength gain when the temperature is lowered. The research
data shows clear evidence of increase is strength when temperature is lowered, and vice versa.
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Figure 38.Left side is the tensile capacity under temperature influence, and Right side is the yield capacity
under temperature influence.(Yongshou , et al., 2016)

4.2.1.1 Low temperature fatigue capacity
After having all the pre analysis, the data were combined to get a more accurate result in terms of fatigue
strength. Steel SMA490BW with butt welded (filler material JM-55II) joints were placed in a fatigue testing
machine, that was surrounded by an insulation box, where the stress ration is 0. Fatigue capacity result of
various temperature shown in Figure39 illustrates increase in fatigue capacity when the temperature is
decreased. The result below shows that the test at 0°C indicates fatigue capacity of SMA490BW is
decreased to 370MPA, as compare with the fatigue capacity at -40°C, which is 390MPA. (Yongshou , et al.,
2016)

Figure 39.Fatigue capacity influence at two different temperatures, Right side the test result at 0°C,
similarly left side is the temperature effect at -40°C.(Yongshou , et al., 2016)

This way we can clearly tell that the fatigue capacity for the steel SMA490BW at low temperature is better
than at high temperature (Figure 38, right side Figure fatigue strength improved to about 390 MPA). Multilayer MIG MAG weld was applied for the test.(Yongshou , et al., 2016)
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4.2.2

Structural steel with welded joint S235J2+N, and S500G1+M

This research that deals with the fatigue capacity at low temperature of S235J2+N, and S500G1+M that
includes joints like cruciform and transverse Stiffener. In terms of S235J2+N weld samples are nonpenetrated fillet joint but in other hand S500G1+M is fully penetrated fillet joint.(Braun, et al., 2019)

Table 15. Chemical and mechanical properties of S235J2+N, and S500G1+M(Braun, et al., 2019)

Figure 40. Displays a microscopic viiew of different joints(Braun, et al., 2019)

Due to some misalignment during specimen’s preparation, it is essential to take all the measure before
fatigue test. The measurement resulted to average throat thickness of a=5.5 mm, and a=6.4 mm respectively
for S235J2+N, and S500G1+M. Similarly flank angle is about 135 ° and angular misalignment is less than
1°;
axial misalignments about 7% of specimens plate thickness.
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Figure 41.Schematic view of the specimens and welding cross-section detail(Braun, et al., 2019)

4.2.2.1 TESTS
All the tests were carried out in a chamber that can generate the effects ranging from -180°C to +280°C has
the maximum capacity of 200kN where test frequency is about 33Hz, with stress ratio 0. Liquid nitrogen
was used for cooling the surroundings, and it is constantly monitored through temperature gauge.(Braun, et
al., 2019)

Figure 42.Left is the temperature chamber alone with specimen’s arrangement. Right is the temperature
variation, showing ±1 °C(Braun, et al., 2019)

4.2.2.2 Fatigue test result

All achieved result was evaluated to get a S-N curve. Where m refers to slope of S-N curve. A typical m
value for the welded connection is 3 and they are evaluated as follow.

= 2 ∗ 10 ∗

(18)

This research shows root crack in terms of weld size and all the failure are occurring at weld toe. The
research clearly indicates the improved fatigue life, although low temperature is causing a lot of mechanical
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changes (for example yield and tensile capacity, ductile to brittle transformation). Moreover, the fatigue
capacity is increased even after the company certified temperature of -30°C.

Figure 43.S-N curve having FAT class 36 , left is the S-N curve for S235J2+N, Right is the S-N curve for
the S500G1+M(Braun, et al., 2019)

Figure 44.S-N curve having FAT class 80 , left is the S-N curve for S235J2+N, Right is the S-N curve for
the S500G1+M(Braun, et al., 2019)

The experiment result shows fatigue strength of S500 is lower than the one from mild steel S235. Both the
axial and angular missalingment of the specimens are the result of weld process.(Braun, et al., 2019)

4.2.3

Steel Q345qD

This part of research follows the same procedure as in the chapter 4.3 dadicated for Q370qE. All the
procedure remains same as in chapter 4.3 with some minor change.(Wang , et al., 2018)
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4.2.3.1 Strain controlled fatigue test

Figure 45. Specimens on left and right are respectively for stress fatigue and strain fatigue.(Wang , et al.,
2018)

The experiment result of Q345qD at room temperature and at -60°Cshows the result as follow.

Figure 46. Strain fatigue life span curve (Wang , et al., 2018)

The test result through stress dominance fatigue tests of Q345qD indicates that, the fatigue life at low
temperature (-60°C) is improved as compare with the results of room temperature.

4.2.3.2 Crack growth rate
Having all the procedure as similar as in chapter 4.3 the Charpy tests were carried out at various tempratures
to understand the crack growth on Q345qD. Stress ratios of R=0.1, 0.2, and 0.5 were applied in experiments.
Then fatigue crack growth curveda/dN-ΔKfrom parish formula was determined. The more general analytical
analysis comes through equation 11.(Wang , et al., 2018)
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Figure 47. Specimens for CT.(Wang , et al., 2018)

Figure 48.Fatigue crack propagation results for base metal at various temperature with reference of stress
ratios R=0.1, and R=0.5.(Wang , et al., 2018)

Figure 49. Fatigue crack propagation result for weld metal at various temperature with reference of stress
ratio R=0.1, and R=0.2.(Wang , et al., 2018)

The results clearly indicate that the fatigue growth rate on base metal decreases, when the ambient
temperature is decreased. However, in terms of filler material, fatigue crack propagation rate is increased
from room temperature to -20°C.(Wang , et al., 2018)
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Figure 50. Schematic geometry of the specimens.(Wang , et al., 2018)

Figure 51: Result comes through the experiment of thick plate with different joint (Normal weld on left and
cross-shape weld on right)(Wang , et al., 2018)

The result indicated that the experiment result of butt weld performs better than the one from cross shape
joint. In this research the result shows the fatigue life of a butt weld at RT is lower than at -60 °C. But in
other hand the fatigue life of cross shape fillet weld did not show any obvious result. This way it is
concluded that the fatigue life of any weld is controlled by welding process itself rather than temperature.

4.2.3.3 Fatigue strength load carrying fillet weld
Two different specimens are prepared with side and front fillet weld joints as shown in Figure ure 53.
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Where, tests are at RT and at low ambient temperature are performed to get a suitable S-N curves.

Figure 52.: specimens for the experiments, a) Right side is the specimens prepared with longitudinal fillet
weld, and b) Left side is the specimens prepared with transverse fillet weld.(Wang , et al., 2018)

The resultsshows some of the experiment result from side fillet weld are well below the design curve
provided by Eurocode standered. The reason behind it assumed to be the imperfection in the weld. However,
low temperature improves the fatigue life of side fillet weld. But in other hand front fillet weld at low
temperature is hard to predict. This again indicates that the fatigue life at low temperature is controlled by
welding process not by temperature.(Wang , et al., 2018)

Figure 53: Experiment result of side fillet weld on left and front fillet weld on right.(Wang , et al., 2018)

The result clearly indicates that the low temperature will decrees the crack propagation which means
increase of fatigue life. When comparing the result of side welding fillet weld with various code, it indicates
as below.
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Figure 54 Experiment result of side fillet weld compared with various specification.(Wang , et al., 2018)

4.2.4

DH36

This steel grade is mainly used for the ice breaker ships. Since ice breaker ships are exposed to the low
ambient temperatures, it is very crucial to understand the phenomena of DH36 at low temperature. In this
study the evaluation temperatures were at RT and -60°C. Chemical composition of material is given in table
17, and mechanical properties of base metal can be seen in Table 16.(Zhao, et al., 2019)

Table 16. Mechanical properties of DH36.(Zhao, et al., 2019)

Table 17. Chemical composition of DH36.(Zhao, et al., 2019)
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4.2.5

Specimens preparation DH36

The specimens for the tests are prepared according to the code that is valid in China. However, the test also
has some reference to the global test practice like Charpy test. The overview of the test sample are
presented in Figure 55.(Zhao, et al., 2019)

Figure 55.Geometry of base metal specimenon left and butt weld specimen on right.(Zhao, et al., 2019)

Welding wire CHE50 is usedinwelding preparation. It was ensured that the initial crack is initiated at fusion
zone rather than weld itself. In terms of loadingthe highest load value for the experiment was 15kN, in other
hand the lowest load value on vally was 1.5kN. Meanwhile stress ratio R0.1, and maximum loading 1.5kN
was considered for the tests, where loading frequency was 10Hz.(Zhao, et al., 2019)
4.2.6

Crack propogation

After all,the experiment the results are presented in log to log graphs as follow.
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Figure 56.Overview of fatigue crack growth.(Zhao, et al., 2019)

Figure 57. Crack growth curve a) Left is the base metal at RT, and -60°C, and b) Right is the butt weld at
RT.(Zhao, et al., 2019)

Figure 58. Crack growth curve a) Left is the base metal at butt weld at RT, and
b) Right is the butt weld at -60°C.(Zhao, et al., 2019)

In terms of base metal, the crack growth rate at RT is 45% - 58% higher compared to the result at-60°C
having same ΔK. On other hand, the butt weld experiments having similar circumstances showed crack
growth rate at RT is 56%-58% higher than that of -60°C.(Zhao, et al., 2019)

4.2.7

Q420 high strength steel

It falls within the high strength steel, and it comes from Chinese manufacturer. This grade of steel is mostly
used in cold area for transmission line engineering.
Table 18. Chemical composition of Q420.(Li, et al., 2018)
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Table 19. Welding circumstances detail.

Test specimens are prepared as shown in the geometric view given in Figure 66, and Figure 61.(Li, et al.,
2018)

Figure 59. Schematic overview of the geometry for mechanical propertytests.(Li, et al., 2018)

Figure 60. Specimens ready for the test.(Li, et al., 2018)

Table 20. Capacity mesured at various temperature.(Li, et al., 2018)
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4.2.7.1 Crack propagation
The fatigue related tests are conducted by MTS fatigue testing machine (electro hydraulic servo loading
system), having a constant amplitude (15 Hz). The specimen’s geometry for the CT tests are prepared as
shown in Figure 60 and applied tension is 1000kN.

Figure 61.Geometry of Charpy Test specimens.(Li, et al., 2018)

Table 21. Test results at different temperature.(Li, et al., 2018)

After having all the experiments combined at various sample the result is concluded on S-N curve in basic
coordinate system, and also S-N curve in Log-log scale.

Figure 62.Left side is the SN-curves in basic coordinate system, and right side is the log to log scale S-N
curve chart of weld joint od Q420B.(Li, et al., 2018)
After having all the result, it is concluded that the fatigue capacity was increased, when temperature is
decreased.
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5

DISCUSSION

Regarding fatigue analysis, more and more studies are conducted worldwide. Having only conservative
approach might not be an optimized solution to any design, to bring an optimized design it is very important
to understand the material behaviour. Material data sheet through experiments can help designers to achieve
required strength, in optimized manner.

This research investigated fatigue strength of various materials at low ambient temperature. Fatigue strength
has emerged as one of the key to many engineering sector, mainly in mechanical. This research conducted
with in this study was completely literature based research.

The key focus of this research was to analyse the crack propagation of various steel (different grade of steel)
with response to low ambient temperature. Ten different welded and non-welded specimens research result
are analysed. It was initially assumed high strength always provides high fatigue life was not always true. It
is not necessary that the high steel grade always gives the high fatigue life, the circumstances around it plays
a vital role.

In one of the research case study structural steel with grade S980 is compared with the result of S460 at
various temperatures. The research shows that the low temperature effects on crack propagation of high
strength steel was very crucial, as compared to low strength steel S460. That tells propagation rate on S980
is significant as compare with S460.
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6

CONCLUSION

This literature research clearly indicates better performance on yield and tensile capacity of all the materials
at low ambient temperature compare with RT. The research also shows that; the fatigue crack growth curve
at low ambient temperature are improved for non-welded specimens. In terms of a welded specimens it is
not possible to get a constant result. The base metal might behave, same as non-welded specimens but
overall fatigue capacity depends on the welded joints. In chapter 4.2.3 two welded specimens having butt
weld and cross shape joints are compared. Where, fatigue crack propagation rate is decreased at low ambient
temperature for butt weld, but cross shape joint did not show any obvious result. Thus, we can conclude the
fatigue life of a welded specimen depends on joint type rather than temperature itself.

Fatigue ductile to brittle transition temperature also plays vital role in fatigue life. Even though general
perception is that the fatigue life is improved as soon as temperature gets lowered but FDBT can change
everything drastically. As soon as low ambient temperature reaches below the FDBT, the crack propagation
is more significant. In consequences the fatigue life can be compromised.
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