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Abstract: Cruise ships or yachts that operate in areas with seasonal freezing temperatures have
large openings in the outer shell. Those are thermal cut edges, and they are exposed to very low
temperatures. From fatigue crack growth testing of base materials, it is known that low temperatures
can accelerate the crack growth, which may reduce the fatigue life of a structure. However, the
current guidelines and rules of classification societies do not provide design curves for the fatigue
assessment of thermal cut steel edges at sub-zero temperatures. Therefore, fatigue tests of thermal
cut edges are conducted at —20 °C and —50 °C as well as at room temperatures for reference.
The specimens are plasma-cut and tested in a temperature chamber under uniaxial loading with a
resonant testing machine. The test results are statistically evaluated using linear regression and the
maximum likelihood method. The results show that the fatigue strength at sub-zero temperatures
is significantly higher compared to room temperature. The test results of this study indicate that
sub-zero temperatures down to —50 °C do not seem to cause a reduced fatigue life of thermal cut
steel edges.

Keywords: ductile-brittle transition; fatigue testing; high-strength steel; low temperature; tempera-
ture dependence of fatigue curves; thermal cut steel edges

1. Introduction

Sub-zero temperatures influence the fatigue strength of ship structures. Apart from
the root and toe failure of welds, free thermally cut steel edges are also critical details
in the ship structure for crack initiation under cyclic loading. Especially the ship hull of
modern cruise ships and large yachts, which hold a significant number of openings for
windows and balcony doors (Figure 1). When these kinds of ships operate in polar and
subpolar conditions, those cut outs may be exposed to very low temperatures, which may
lead to a change in their fatigue behavior. Low temperatures refer to a combination of air
temperature and the wind-chill effect (e.g., the temperature-humidity-wind index, THW
index), which may lower the temperature by 10 °C or even 20 °C.

The fatigue performance of free plate edges [1-3] is researched for normal temperatures
and also the effect of high temperatures is considered in the standards for the fatigue
assessment of steel structures. Accordingly, current standards such as the recommendations
of the International Institute of Welding (IIW) [4] provide a factor for fatigue assessment at
high temperatures, which depends on the modulus of elasticity; however, studies on the
impact of sub-zero temperatures are scarce.

Experiments of crack growth in the base material revealed that the fatigue of ferritic
structural steels with a body-centered cubic crystal structure undergoes a ductile to brittle
transition. This is similar to of the behavior of the fractur toughness at low temperatures.
This transition is called the fatigue ductile-brittle transition (FDBT) [5]. This point of
transition is defined by the fatigue transition temperature (FIT) below, where the crack
growth is accelerated. In the temperature range below room temperature (RT) but above
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the FTT, the crack growth rate decreases. In different studies, it is found that the FTT is close
to the temperature of the ductile to brittle transition of the fracture toughness. Furthermore,
the FTT is generally located below the fracture-appearance transition temperature but
above the Ty7; temperature, at which the specimen yields an energy of 27 J in the Charpy
test [6]. In the study by Walters et al. [5], the authors confirm a relationship between the
Ty7; and FTT in their tests of the 5460 base material, which was originally proposed by
Wallin et al. [7]. Dzioba and Lipiec [8] investigated the change in the fracture surface with
decreasing temperatures for plain steel SENB specimens of ferritic S355 steel in uniaxial
tensile tests. They found that at —50 °C the fracture surface shows only ductile fractures,
but at —80 °C, the fracture surface featured a mixed type of fractures, ductile fractures,
and brittle fractures. At the lowest test temperature of —120 °C the total fracture surface
was dominated by a brittle fracture. This indicates that the temperature range for a change
from ductile to brittle fracture lies approximately between —50 °C and —100 °C for ferritic
5355 steel.

Equivalent von Mises Stress

Stress Concentration
at Radius

Figure 1. Stress concentration in a thermal cut radius of a typical opening in a ship structure.

Thermal cut edges represent an additional weakness, such as welds compared to the
base material. For different welds, a significant increase in fatigue strength of more than
20% is found for temperatures down to —50 °C in comparison to room temperature [9,10].

This indicates that some standards are very conservative and that welded joints can
be safely applied to sub-zero temperatures down to —50 °C, if the fracture toughness
requirements are met.

Compared to welds, the surface defect size or notch size of the thermal cut edges are
reduced, and their failure mode is governed by crack initiation instead of crack growth [11].
Due to this reason, the surfaces and qualities of cut edges have to be considered in the
assessment [3]. In order to bridge the knowledge gap concerning the impact of sub-zero
temperatures on fatigue performance of critical details in ship structures, free thermal cut
steel edges are tested in this study. The focus is on sub-zero temperatures close to the fatigue
ductile to brittle transition temperature. For this purpose, plasma-cut specimens are tested
at room temperature (RT), —20 °C, and —50 °C. The test results are statistically evaluated
to find the best fit S-N (stress-lifecycles) curves for the results of each test temperature.



J. Mar. Sci. Eng. 2023, 11, 346

3of 14

2. Materials and Methods

To analyze the fatigue performance of thermal cut steel edges at sub-zero tempera-
tures, a specimen design for all test series at the different temperatures is considered. All
specimens are made of higher strength structural steel S355 (AH36) and are cut out of one
plate via plasma cutting. The chemical composition of the used steel and the mechanical
properties are listed in Table 1. The plasma cutting was performed in a shipyard and
corresponds to typical ship building practice. The specimens are 500 mm long, 80 mm wide
at both ends, and have a thickness of 12 mm. The specimens are hourglass shaped and
have a reduced width of 30 mm by a radius of 500 mm in the center (see Figure 2).

Table 1. Chemical composition of alloying elements in % and observed mechanical properties of
AH36 steel [12].

C Si Mn P S Al N
0.09 0.25 1.16 0.017 0.006 0.028 0.007
Cr Cu Ni Ti v Nb Mo
0.09 0.22 0.12 0.001 0.001 0.024 0.001

Tensile Yield Failure
CEV Strength Strength Strain (%)
R, MPa)  R,;, (MPa) °
0.32 538 423 29.2
80
<12>
30,

NG

As-cut : L
Condition lecakaiede e bvenhdiv i tivasidei

500

Rs0p

Figure 2. Specimen dimension and cut condition, modified from [12].

Before testing, the specimen specifics are recorded. For this, the geometry of the
smallest cross section in the center is measured as well as the angular misalignment.
Following the specifications of ISO 9013 [13], the specimens show a good surface quality
(quality range 2). In case of plasma cutting, surfaces with low roughness values are
produced, so that the roughness is in generally low, and the fatigue performance depends
more on the cut edge defects [2,3]. The cut edges were not treated after cutting. Hence, the
fatigue tests were carried out in as-cut condition. Figure 3 shows the microstructure of the
polished inclined cross section of one of the specimens in the heat-affected zone.
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Figure 3. Microstructure of polished inclined cross section. Top side edge with sharp corner (flame
entry) and more round edge on bottom side.

The fatigue testing of the specimens was carried out on a Schenk horizontal resonance
testing machine. All tests were conducted with a stress ratio (ratio between the minimum
stress value and the maximum stress value) of R = 0.1 and the failure criterion was a clearly
visible crack. Experimental tests were conducted under uniaxial load in longitudinal
direction of the test bodies. During testing, cooling was achieved by vaporized nitrogen,
which was blown into a temperature chamber. For an almost constant temperature of
—20°C £ 1°Cand —50 °C £ 1 °C during the tests, the amount of nitrogen was controlled
by a temperature gauge [9]. Additionally, the temperature of both the specimen and the
air in the chamber was measured. An illustration of the clamping jaws of the resonance
testing machine with the temperature chamber is shown in Figure 4.

S

Figure 4. Temperature chamber that covers the clamping jaws of the horizontal testing machine (a)

and uniaxial loaded specimen (b).

Each specimen was clamped at both ends of the test body in the jaws of the horizontal
testing machine. Due to a limited number of specimens for each temperature, pearl-string
method was applied to cover a wide range of stress ranges. At least ten specimens were
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tested at each temperature ensuring a statistical significance of the data recorded. Stress
ranges refer to the nominal stress in the specimens’ center cross section.

3. Results
3.1. Statistical Evaluation of Test Results

The fatigue test results are statistically evaluated with two different methods to obtain
the mean stress-life (S-N) curve. On the one hand, a linear regression is used to evaluate
the 5-N curve minimizing the residual sum of squares. In addition to this method, the
evaluation is also carried out with the maximum likelihood method. In contrast to a
linear regression, the maximum likelihood method takes the runouts into account. Using
the maximum likelihood method, a bilinear S-N curve with the highest probability of
occurrence is fitted to the data [14].

The method of linear regression accounts for all test data before the knee point. Because
of that, the knee point is specified according to the recommendations of the German Welding
Society, DVS [14]. The high cycle fatigue regime before the knee point of the S-N curves is
represented by the Basquin equation (Equation (1)), which is logarithmized for the common
representation of the S-N curves:

IgN = 1gNi-Ac™ + m-1gAc 1)

With N as the number of cycles, Ny as the number of cycles at the knee point, m as the
slope, Ac as the stress range, and Aoy as the stress range at the knee point. By using linear
regression [14], the slope in the high cycle fatigue regime was calculated as well as the
stress range at 2-10° cycles for 50% and 97.7% survival probability. This number of cycles
reflects the FAT-class values (see, e.g., IW [4]). Moreover, the band width of the scatter
between 97.7% and 2.3% is determined. Within this method, it is assumed that the scatter
is represented by the logarithmic normal distribution and is independent of the load level.

In case a specimen did not fail before 2-10° cycles were reached, those runouts are
marked with an arrow in the S-N diagrams. The results for all three test temperatures are
shown in the following Figure 5a—c.
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Figure 5. S-N curves of AH36 cut edges from linear regression for RT (a), —20 °C (b) and —50 °C (c).
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When comparing the S-N curves for different temperatures, it can be observed that
the fatigue strength increases with decreasing temperature. In addition, the scatter is much
higher at RT compared to the sub-zero temperatures. As the slope for RT differs significantly,
a linear regression does not seem to be well-suited for data with a high scatter when only a
small number of specimens is tested.

Because of that, and the fact that linear regression does not take the runouts into
account, the maximum likelihood method was applied to the test results. This method is
also recommended by the DVS [14]. With this method, the runouts can be integrated into
the evaluation, which can lead to better suited S-N curves for the given data, especially
when the number of specimens is small. The method is about to find the bilinear S-N curve
with the highest probability of occurrence from the data. As it is shown by Storzel et al. [15],
the maximum likelihood method for fatigue test evaluation leads to reliable parameters
of the S-N curve. The S-N curve in the maximum likelihood method is represented by
a bilinear curve, where both parts of the curve are represented by the Basquin equation
(Equation (1)). The curve parameters for the bilinear S-N curve are:

Slope in the high cycle fatigue regime m;;

Stress range at the knee point Sy;

Standard deviation stdv, as a measure of the scatter in the direction of the stress range;
Cycles to failure at the knee point Ny;

Slope in the long-life fatigue regime ;.

The knee point and the slope in the long-life fatigue regime are specified for the calcu-
lation and the other three parameters are determined by optimization. The optimization is
about to find the highest probability of occurrence for the test points I (S;, N;). [15]

Ptot,max = maX(Hle Pz') (2)

In Equation (2), P; represents the probability of a test result that failed or is a runout.
As in this method, the scatter is described by the logarithmic normal distribution, and the
probability for a failure and a runout are shown in Equations (3) and (4).

1 o5, (sl Y
Pi | = —————==©€ stdv d 3
i=1,fail Stdu\/ﬁ y 3
1 © L
Pi:z,’funout = \/ﬁ /tl e 0.5t dt (4)
with + 1, — (18W1) ~18(y(x:)) o

stdv

It is further assumed that the scatter is independent of the cycles to failure and that the
width of the scatter band is constant at the entire S-N curve. Furthermore, it is a prerequisite
for the application of the maximum likelihood method that lines of the same probability
meet in the knee point.

In order to find the highest probability of occurrence for the parameter of the S-N
curve its natural logarithm is used in the optimization in accordance with [15]. These
functions are then called support functions (sup). However, not only the maximum of one
support function leads to the best fit S-N curve. The data can be distinguished into three
different groups, which depends on the relative position to the knee point:

1.  Specimens that failed before the knee point (N; < Ni);
2. Specimens that failed behind the knee point (N; > Ny);
3. Specimens that have not failed (runouts).

For all of the three groups, the support function is different. Because of this, the
maximization of the probability of occurrence has to take all support functions into account
to find the best fit S-N curve, which is represented by Equation 6.
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In Prot max = max(supy + sup, + supp) (6)

The support functions evaluate the distance between the test point and the S-N curve
from the regression line in the direction of the stress range. As the slope of the S-N
curve is different before and behind the knee point, this has to be considered for the
support functions. Then, the equation for the support functions that are optimized have
the following form [14].

— . . _— . 2
J— . . J— . 2
FOT Ni > Nk Sup2 — an(( 05 (lg(izt)dvzlg(y(xz))) _ ln(m2'stdv)) (8)
1 * 0582
For runouts supp = ZnB In \/?/t e dx )
7T i

The parameters that are optimized are stdv, m, and Sy. This is conducted by variating
these parameters and then calculating the maximum of the support functions according
to Equation 6. Due to discontinuity at each test point, the knee point cannot be adopted
together with the other parameters [15]. The only way to do this is to optimize the knee
point before optimizing the other parameters through finding the knee point with the
highest probability of occurrence.

The knee point is determined by variating Ny from 0.5-10° up to 2-10° in steps of
0.1-10°. The knee point is selected for which the test results have the greatest probability of
occurrence. The fixed slope in the high cycle fatigue regime was set to my = 22, according
to the recommendation by DVS [14]. Besides the scatter index between a 97.7% and 2.3%
survival probability, the resulting FAT-class value, the stress range for a 50% survival
probability at the knee point, and the slope m; are calculated. The results of the statistical
evaluation with the maximum likelihood method are shown in Figure 6a—c.
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Figure 6. S-N curves of AH36 cut edges from maximum likelihood method for RT (a), —20 °C (b)
and —50 °C (c).
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The evaluation with the maximum likelihood method confirms the increase in fatigue
strength with decreasing temperatures, but the change in the slope is not as significant as
in the evaluation with linear regression. Comparing the FAT-class values of the S-N curves,
a clear difference was observed between the RT and subzero temperatures. However, the
difference in the FAT-class values between —20 °C and —50 °C has become very small using
the maximum likelihood method. By comparing the knee point stress range Sy, a difference
between the test results at sub-zero temperatures is observed. Moreover, only very small
changes in the slope and also in the band width of the scatter can be observed for sub-zero
temperatures, in comparison to the results with the method of linear regression. This was
expected because the failure mechanism is the same as before. In comparison, the slope
at RT is less steep and the band width of the scatter is smaller when using the maximum
likelihood method.

3.2. Fracture Surface

As von Bock und Polach et al. (2022) [16] showed, the position of the crack initiation
can have an influence on the fatigue strength of thermal cut edges. The crack initiation
at untreated thermal cut edges starts, in most cases, at the corner of the cut edge [17]. A
distinction is made between cracks that appear in the grooves on the thermal cut steel
surface and cracks that appear in the corner of the cut edges, in case of post-treated
specimens in the chamfer [1]. The crack growth can be traced by looking at the fracture
surface. Thereby, it is found that all fracture surfaces (independent of the test temperature)
show the same position for crack initiation. Figure 7 shows the fracture surface of specimens,
which are tested at RT (a), —20 °C (b), and —50 °C (c). The crack initiation starts at the
topside corner of the cut edges and propagates to the middle of the fracture surface. When
the crack length reaches a certain size, the stiffness of the specimen decreases, and the
longitudinal displacement becomes larger due to the constant load amplitude. At pre-set
threshold values for displacement and frequency change, the resonance testing machine
stops the loading procedure.

Figure 7. Fracture surface of AH36 cut edges tested at temperatures of RT (a), —20 °C (b) and —50 °C
(c), with location of crack initiation and direction of crack propagation.

3.3. Influence of the Crack Position.

Corners of the thermal cut steel surface led to local stress concentrations. As those
stress concentrations can reduce the lifetime of a specimen significantly, a failure does not
only occur at the midsection of a specimen, where the nominal stress is the highest [1]. A
specimen where the crack did not occur at the smallest cross section is shown in Figure 8.
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The crack positions are measured and the nominal stress according to the local cross
section is corrected. This procedure can lead to a sharp drop in the stress range when the
crack location is relatively far away from the smallest cross section. The total stress at the
crack location is a combination of the nominal stress and the stress concentration and must
be higher than the total stress at the smallest cross section. Hence, it can be discussed if
the nominal stress at the smallest cross section might not be more representative than the
nominal stress at the actual crack location. However, for this study, a statistical evaluation
is also carried out for the recalculated test series, where the nominal stresses at the actual
crack location are used. The statistical evaluation can become a problem in case single
values deviate too much from the others. This can be due to a difference in shape but also
to changes in the test conditions. Such outliers lead to a very wide scatter band, which
represents the test results incorrectly [18]. To deal with such outliers a graphical analysis
is used as there are no methods for a mathematical evaluation [18]. In the test results at
—50 °C, one outlier is found. In this case, the crack originates 48 mm out of the middle of
the specimen. Plotting the modified stress range of this test next to the S-N curve of the
remaining 13 data points, it is seen that the value does not fit in the scatter band. This is
shown in Figure 9. Thereby, the statistical evaluation was conducted with the maximum
likelihood method with an optimization of the knee point. In case of the tests at —20 °C
and RT, no outliers were observed.

Center of Speimen

Figure 8. Specimen where the crack position is not at the smallest cross section.

Cut Edge -50 °C (R = 0.1)
1000 !
'a' 4
o
=, 500
[~} i
4 ]
@
m B
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E 4
g 200 -
& ]
4 ‘ SK=343'14 Nk=0.6"106 m1=4.57 m2=22‘ :
1m T |||||||| T |||||||| T |||||||| 1
10* 10° 108 107

Cycles to failure Nf [-]

Figure 9. S-N curve of AH36 cut edges for test results at —50 °C with modified stress ranges evaluated
with the maximum likelihood method. The white triangle shows the outliner.
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In all three of the modified S-N curves, a decrease in the slope exponent is observed.
Furthermore, the knee point stress range for a 50% survival probability is lower than in
the evaluation with the initial test data. This was expected because the stress ranges are
more or less reduced for every data point. However, in total, the difference in the fatigue
strength between the sub-zero temperatures remains almost the same. In addition to the
evaluation with the maximum likelihood method, a linear regression is used here as well.
Thereby, it is observed that the slope differs even more than the results of the initial test
data. For example, the slope of the results of the test series at —50 °C has decreased to
m = 3.84, which is close to the recommended slopes in the guidelines of DNV (m = 4) [19].
All 5-N curve parameters of all test series for both statistical methods are summarized in
Table 2.

Table 2. S-N curve parameter evaluated with linear regression and with maximum likelihood method
for all test series. “mod.” refers to the actual crack position, i.e., the modified stress.

Statistical Method Linear Regression Maximum Likelihood Method
Parameter m 1:T; FAT (MPa) mq my 1:T; Ny S (MPa) FAT (MPa)
RT 3.75 1.5 189.1 5.21 22 1.31 0.7-10° 320.76 229.5
-20°C 5.65 1.1 252.9 6.05 22 1.1 0.6:10° 331.8 259.5
—50°C 6.82 1.17 2773 5.3 22 1.12 0.5-10° 359.18 261.3
RT mod. 3.57 1.51 179.3 4.8 22 1.33 0.7-10° 310.11 216.5
—20 °C mod. 5.12 1.12 237.9 5.26 22 1.13 0.6-10° 323.92 2422

3.4. Linear Regression with Constant Slope

In order to obtain the fatigue performance of thermal cut edge steel at sub-zero
temperatures, the best fit S-N curves are evaluated using both the previously described
statistical methods. This procedure leads to different slopes for the different test series,
which makes the comparison of values complicated, because the difference between the test
series depends on the cycles to failure. In order to obtain information about the difference
in the stress range, a linear regression is conducted with fixed slopes. Thus, the slopes are
set to m = 3, as recommended by the IIW [4], and also m = 4 and m = 3.5, as in the guidelines
of DNV [19]. Then, the FAT-class values of each test series are calculated with fixed slopes.
The results of the calculation and the corresponding FAT-class values from the guidelines
for similar cases are shown in Table 3.

Table 3. FAT-class values for test series RT, —20 °C, and —50 °C, and for test series with modified
stress range values with different fixed slopes and FAT-class values from guidelines [4,19].

Guideline (ITW Case

Test Series RT (MPa) II\Z/IOI’:: ?I\E;[OP:? R(TVII\I/,[;CL —2(:1;[(1;;\)/10& _52;/[(12,2)40& No. 122, DNV Case
B2 and C)
m=3 162 181.9 190.8 158.7 178.5 185.2 125 (IIW)
m=3.5 181 202.0 2104 177.0 198.0 203.4 125 (DNV)
m=4 196.5 218.2 226.4 191.9 2134 2179 140 (DNV)

The increase in fatigue strength is represented by the increase in FAT-class values.
In Figure 10, the percentage rises to the FAT-class value at RT for the different slopes are
shown. Thereby, the increase is the greatest for a fixed slope of m = 3 and smallest for m = 4.
However, for all used slopes, a significant increase is observed.
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m-20°C m-50°C m-20°C mod. -50°C mod.
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=
o
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0.0
3 35 4
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Figure 10. Increase in the FAT-class value in percent of tested AH36 cut edges at sub-zero temperatures
compared to RT and of modified test series compared to RT modified. In the modified test series, the
nominal stresses in the cross sections at the actual crack locations are used instead of the nominal
stresses at the smallest cross sections.

4. Discussion

Fatigue tests of thermal cut steel edges at sub-zero temperatures are conducted and
statistically evaluated. Independent to the statistical method, an increase in the fatigue
strength of plasma-cut specimens made of AH36 at sub-zero temperatures compared to
RT is observed. Despite this, the results evaluated with the linear regression method differ
from those evaluated with the maximum likelihood method. The slope of the RT test series
evaluated with the method of linear regression is much larger than the slope of the test
results from the sub-zero temperatures. The evaluation with the maximum likelihood
method shows a smaller slope at RT, which is closer to those at sub-zero temperatures. This
is probably caused by the optimized knee point position and the fact that the maximum
likelihood method takes the runouts into account. In addition, the number of tested
specimens is very limited.

The difference in the statistical methods can also be observed by looking at the band
width of the scatter. The tests at RT that were assessed with the linear regression method
led to a much wider scatter band than for the maximum likelihood method. This might be
caused by the changed knee point position. In comparison to this, the results of the sub-
zero tests are not as much influenced by the type of statistical method. So, the difference
in the band width of the scatter is relatively small between both methods, like it was
also observed in case of the slope. However, with the maximum likelihood method, the
difference between the test series is smaller compared to the RT test results with the method
of linear regression.

The evaluation with the maximum likelihood method shows a difference in the fatigue
strength of the three test temperatures at the knee point, but for the comparison of the
fatigue strength, the position of the knee point and the slopes of the curves have to be
considered. This can be completed by calculating the stress range of the —20 °C test series
at the number of cycles where the —50 °C test series has its knee point. The stress range of
the —50 °C test series at 0.5-10° cycles to failure is then about 18 MPa greater than the stress
range of the —20 °C test series, which demonstrates an increase of about 5%. A similar
difference in the stress range can be observed at the knee points of the modified S-N curves
between the tests at —20 °C and —50 °C. However, this kind of comparison is still full of
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uncertainties. The difference in the stress range between the test series depends on the
cycles to failure, as the curves have different slopes. For example, the FAT-class values of
the test series —20 °C and —50 °C only differ by about 2 MPa. Because of that, this way of
comparison can only give information about the trend of the curves.

A better way to compare the stress ranges is to use fixed slopes for the evaluation
with the linear regression method. Through this, the difference in fatigue strength can be
evaluated at any position of the S-N curve. Using fixed slopes of m = 3, m = 3.5, and m = 4,
which are in the range given by common guidelines such as IIW or DNV, an increase up to
17.8% for a fixed slope of m = 3 for the —50 °C test series without a stress range correction
in comparison to the RT test series is observed. However, the slopes that are evaluated
with the maximum likelihood method are less steep than m = 3. Because of that, a fixed
slope of m = 4 seems to be better suited for this test series. In that case, the increase from
RT to —20 °C (11%) and to —50 °C (15.2%) is smaller, but still significant. Considering the
modified S-N curves, where the stress range values are related to the cross section at the
crack position, the increase for the tests at —50 °C is smaller, and remains almost the same
for the —20 °C test series. In that case, the comparison of the FAT-class values is especially
well-suited for the test series at RT and at —50 °C with fixed slopes of m = 3.5 and m = 4, as
the evaluated slopes with the linear regression method are for both between these values.
Then, an increase from RT to —50 °C of about 13.5% for a slope of m = 4 and 14.9% for a
slope of m = 3.5 is calculated.

The FAT-class values at RT, independent of the slope, surpass the FAT-class values of
the guidelines. As the test series of sub-zero temperatures shows an increase in fatigue
strength, it can be considered that the guidelines are very conservative, especially for
thermal cut edges at sub-zero temperatures.

From the literature, it is known that the fatigue of ferritic structural steel undergoes
a ductile to brittle transition at the FT'T, which is related to a decrease in fatigue strength
because the fatigue crack growth is accelerated. However, the results of the fatigue tests
show that the fatigue strength of the tested thermal cut edges increased up to the lowest
test temperature of —50 °C. This is probably due to the fact that the transition takes place
at lower temperatures than those tested here. An indication of this could be found in the
fracture surfaces of the tested specimens, so it can be observed that all tested specimens
failed in the same ductile manner, independent of the test temperature.

The fatigue strength of thermal cut steel edges in the outer shell of ships, e.g., windows
or balcony doors, does not solely depend on the cut edge quality and temperature. Rather,
the shape of the cut outs, especially the fatigue critical opening corners, affect the fatigue
strength. Thus, the increase in fatigue strength of thermal cut steel edges at sub-zero tem-
peratures found in this study cannot be directly transferred to the cut outs. However, it can
be assumed that the fatigue strength of those cut outs increased at sub-zero temperatures
tested in this study, but maybe not as much as the test results suggest. More importantly,
the test results of this study show that sub-zero temperatures do not pose an increased risk
to thermal cut steel edges in terms of fatigue.

5. Conclusions

Thermal cut edge steel specimens of AH36 were tested at sub-zero temperatures and
at room temperature. The best fit S-N curves were evaluated with the linear regression and
the maximum likelihood method. Furthermore, it was found that the cracks did not always
occur at the smallest cross section. Consequently, the local nominal stresses at the actual
crack position were calculated and the stress ranges were corrected. With the modified
data, the statistical evaluation was repeated. For the comparison of the fatigue strength
of the different test series and for a comparison with the guidelines, an evaluation using
the linear regression model was also performed with fixed slopes for all test series, both
the modified and the not modified ones. The findings of this study are summarized in the
following points:
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After analyzing the statistically evaluated best-fit S-N curves, it is clear that the fatigue
strength of thermal cut steel edges of AH36 increase at sub-zero temperatures in
comparison to room temperature. This is independent of the statistical method and
corresponds to the experience gained with welds at sub-zero temperature [9,10].

A fixed slope of m = 4 seems applicable for the evaluation with fixed slopes as the
slopes that are found in the evaluation of the best fit S-N curves are close to that or
greater. The modification of the stress range leads to steeper S-N curves, which are
even closer to a slope of m = 4.

Using fixed slopes shows the increase in fatigue strength in an even clearer manner.
The highest increase in fatigue strength evaluated with a fixed slope of m = 4 is about
15.2% at a test temperature of —50 °C and in the case of the modified data, the increase
is still about 13.5%.

The comparison with the FAT-class values of the design curves of the common guide-
lines has shown that all test series surpass the FAT-class recommendations. This
shows that the design curves are very conservative for thermal cut edges, especially at
sub-zero temperatures.

A difference in the crack location is not found. All cracks occur in the corner of the cut
edges, independent to the test temperature.
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Nomenclature
Symbols  Unit Description

Ts - Scatter ratio in strength

m - Slope of S-N curve in linear regression

my - Slope before the knee point in maximum likelihood method
1y - Slope behind the knee point in maximum likelihood method
Ny Cycles  Cycles to failure

Ni Cycles Number of cycles at knee point

Ao MPa Stress range

Aoy, MPa Stress range at the knee point

R - Stress ratio

Sk MPa Stress range at knee point

Protmax - Highest probability of occurrence

p; - Probability of occurrence for one test point

Pi—1, fail - Probability of occurrence for a failure

Pizo runout - Probability of occurrence for a runout

stdv - Standard deviation in the direction of the stress range
Abbreviations

FDBT Fatigue ductile-brittle transition

FIT

RT

Fatigue transition temperature
Room temperature
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