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Abstract
Ships and offshore structures in Arctic environments are exposed to severe environmental actions and sub-zero temperatures. 
Thus, the design of such structures has to account for the Arctic environment and must be cost-efficient at the same time. 
A vital part of the design process is to ensure that fatigue-induced failure does not occur in the lifetime of the structure. 
While effects of high temperatures on material behavior are well covered in international standards and guidelines, there is 
no comprehensive guidance for sub-zero temperature fatigue strength assessment. Additionally, stress-life (S–N) test data 
of welded joints at sub-zero temperatures is particularly scarce. Hence, this study presents an extensive review of recent 
test results of various weld details tested in the range of − 50 to 20 °C. This data could build the basis for future considera-
tions of temperature effects in fatigue design guidelines and recommendations. For this purpose, the fatigue test results are 
submitted to a rigorous statistically assessment—including a summary of the limitations of current design guidelines with 
respect to sub-zero temperature effects.

Keywords  Sub-zero temperatures · Arctic conditions · Fatigue transition temperature · Temperature dependence of fatigue 
curves · Ductile–brittle transition · Fatigue testing

1  Introduction

In recent years, there has been a steady increase in operations 
in Arctic environments—in connection with the Arctic ship-
ping routes and a growing interest in setting up wind turbines 
in yet unexploited areas such as the northern Baltic Sea. 
Other structures include oil and gas rigs, lighthouses, and 
navigational aids. These structures are exposed to drifting 
sea ice and sub-zero temperatures, in addition to the waves, 
wind, and current. Thus, the design of such structures has 
to account for static and dynamic structural responses that 
are different from other engineering structures. Because of 
the at times more severe load effects in ice-covered regions, 
e.g., due to ice-induced vibrations [1–4], and because of the 

potential consequences for the fragile natural environment 
in the Arctic, a crucial part of the design process is to ensure 
that no fatigue-induced failure occurs during the lifetime of 
the structure. Among those challenges, fatigue of welded 
joints at sub-zero temperatures was recently determined to 
be a major knowledge gap [5].

While effects of high temperatures on material behavior 
are well covered in international standards and guidelines, 
there is no comprehensive guidance for sub-zero tempera-
ture fatigue strength assessment of welded joints. This is 
likely related to the small number of publications concern-
ing fatigue of welded steel joints at sub-zero temperatures, 
see [6–17]. Moreover, the majority of studies focuses on 
fatigue crack growth (FCG) rate testing for cryogenic appli-
cations and butt-welded joints. In fact, the majority of stud-
ies investigating sub-zero temperature fatigue behavior of 
ferritic materials observed an increase of fatigue strength 
before a sudden drop. This effect, which is related to the 
well-known fracture ductile–brittle transition, will be briefly 
explained in Sect. 2. Currently, stress-life (S–N) test data of 
welded joints at sub-zero temperatures is particularly scarce. 
Hence, this study presents a comprehensive review of recent 
test results of various weld details tested in the range of 20 
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to − 50° C, see Sect. 3. This S–N data can be used as basis 
for future considerations of temperature effects in fatigue 
design guidelines and recommendations. Finally, to quan-
tify the effect of temperature on fatigue strength, the data is 
statistically analyzed in Sect. 4 by assessing the correlation 
between test temperature and number of cycles to failure, 
and bootstrapping. Additionally, a correlation to specimen 
misalignment is included to highlight impact of temperature 
on fatigue strength.

2 � State of the art

2.1 � Temperature effects on material behavior

Similar to the fracture ductile–brittle transition, a transition 
in fatigue fracture behavior is observed in materials with 
body-centered cubic crystal structure, which is called fatigue 
ductile–brittle transition (FDBT) and happens at the fatigue 
transition temperature (FTT). Below the FTT, a sudden 
acceleration in fatigue crack propagation and an increase 
in threshold stress intensity factor range ΔKth are typically 
observed [18–20], see Fig. 1. Kawasaki [18] was one of the 
first to relate this effect to the fracture ductile–brittle transi-
tion temperature. More recently, Alvaro et al. [19] presented 
a literature review of the current understanding of the under-
lying mechanism, including the effect of sub-zero tempera-
tures on fatigue crack initiation and propagation. A number 
of recently published studies led to a better understanding 
of the change of fatigue crack growth behavior at sub-zero 
temperatures and a correlation of FTT and ductile–brittle 
transition temperature (DBTT) in base and weld-simulated 
materials, see [20, 21]. So far, there is very limited data on 
actual welded materials, which is why the effects are less 
known and not considered in international standards.

It is often assumed that low temperatures have no det-
rimental effect on fatigue properties as long as sufficient 

fracture toughness is ensured, see Hauge et al. [22]; how-
ever, from base material tests, it is known that FTT and 
DBTT are close to each other (i.e., within a range of 20 °C 
[20, 21]). It can consequently not be assumed that frac-
ture toughness requirements alone are sufficient to ensure 
structural integrity at low operating temperatures. To get 
a better understanding of the fatigue behavior at sub-zero 
temperatures, more studies on welded connections includ-
ing S–N test results are required. Based on the observed 
fatigue transition behavior and the course of FCG rate 
curves (Fig. 1a, the effect on S–N curves is expected to be 
similar to the schematic presentation in Fig. 1b.

In their review, Alvaro et al. [19] related the change 
in FCG behavior to a change in dominant crack growth 
behavior from plastic blunting and tearing to cleavage-
controlled brittle fracture. Additionally, differences in 
crack initiation behavior are linked to variations in stack-
ing fault energy with temperature. Hence, differences in 
fatigue strength are expected due to the microstructure 
surrounding a failure initiation location [23].

It is typically assumed that the slopes of S–N curves 
of welded joints ( k ) are similar to the slopes of FCG rate 
curves ( m ), as the fatigue life of welded joints is dominated 
by fatigue crack propagation. It can also be shown that 
the fatigue limit ( Δ�R ) observed in S–N tests is related to 
the threshold stress intensity factor range ( ΔKth ). Toward 
the low-cycle fatigue regime, a correlation between yield 
strength and endurable stress range is expected. As yield 
strengths are known to increase with decreasing test tem-
perature even below the DBTT [24–26], it can be assumed 
that the endurable stress range increases as well, yet there 
is not enough literature data available to verify this expec-
tation. In contrast, plastic strains are known to initiate brit-
tle fracture once a crack has formed. It is thus expected 
that the S–N curves of welded joints are in between those 
at RT and at temperatures between RT and FTT.

Fig. 1   Schematic representation 
of the effect of low tempera-
ture on fatigue crack growth 
curves (a) based on [5, 19] and 
corresponding S–N curves of 
welded joints (b), taken from 
Braun [23]
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2.2 � Consideration of temperature effects in current 
fatigue design guidelines and standards

As initially mentioned, effects of sub-zero temperatures on 
fatigue strength of welded joints are currently not considered 
in any fatigue design guidelines and standards, see [27–31]. 
On the contrary, adverse effects of high temperatures are 
typically included and can thus be used as a reference. The 
IIW recommendations [27] and BS7910 [28] correlate 
fatigue design class at high temperature ( FATHT  ) to the 
change of Young’s modulus at high temperatures ( EHT ) with:

where FAT20◦C and E20◦C are the fatigue design class and 
the Young’s modulus at 20 °C, respectively. In fact, BS7910 
[28] uses this formula for changes in the threshold stress 
intensity factor ranges of steels. The German FKM guide-
line [32] also includes a correction function for high tem-
peratures ( T  ) above 100 °C, which is related to the fatigue 
strength at 20 °C ( �w,T=20◦C ). Interestingly, a constant fatigue 
strength is assumed between 20 and 100 °C. Above 100 °C, 
the fatigue strength ( �w(T) ) shall be corrected using the fol-
lowing functions.

Applying the correction function of the FKM guideline 
to sub-zero temperatures, a higher change in fatigue strength 
was estimated in Braun [23] (at − 50 °C, i.e., 2% and 10% 
according to the IIW recommendations [27] and BS7910 
[28], and FKM guideline [32], respectively), which matched 
the fatigue test results better (on average about 15%). Finally, 
no guidance is given in standards on how temperature effects 
affect fatigue assessment by means of local fatigue assess-
ment concepts [23, 33].

(1)FATHT = FAT20◦C

EHT

E20◦C

(2)�w(T) = KT ,D�w,T=20◦C

(3)KT ,D = 1 − 1.4 ∙ 10−3 ∙ (T − 100
)
;for T > 100◦C

3 � Fatigue test data of welded joints 
obtained at sub‑zero temperatures

3.1 � Materials and test specimens

Three different weld details, three steel types, and two weld-
ing methods were selected to rule out uncertainties related 
to the former and to create a large database for the assess-
ment of sub-zero temperature effects on fatigue of welded 
joints. The steel types are typical structural steels that 
are commonly used to build ships and offshore structures 
(S235J2 + N, S355J2 + N) and a thermomechanically rolled, 
fine-grain structural steel (S500G1 + M). The weld details 
include butt-welded joints, transversal stiffener specimens, 
and cruciform joints with weld root failure. The S235 and 
S500 specimens were flux-cored arc welded—using AWS 
A5.20: E71T-1 M-J and AWS A5.29: E81T1-Ni1M-J H4 
wires, respectively. The S355 specimens were welded using 
submerged arc welding and an AWS A5.17: EM 12 K wire. 
The steel was saw-cut into specimens of 500 mm in length 
and 50 mm in width (40 mm for the butt-welded joints), and 
10 mm in thickness, see Fig. 2.

The measured tensile test results and the Charpy V-notch 
impact toughness results of the three steels are listed in 
Table 1 and Fig. 3, respectively. The assumed DBTT is 
based on the 27 J criterion for S235 and S355 steel and 50 J 
( �YS∕10 ) for the S500 steel, see DNVGL-OS-B101 [35]. 
Unsurprisingly, the base material of the fine-grained struc-
tural steel S500G1 + M has the highest Charpy notch impact 
toughness; however, all three steels exhibit high toughness 
even at temperatures below − 50 °C. For the two steels (S235 

Fig. 2   Schematic presentation 
of fatigue test specimens with 
dimensions, extended from 
Braun et al. [34] and taken from 
Braun [23]
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Table 1   Tensile test results for the different types of steel considered, 
taken from Braun et al. [26]

Steel type Yield strength 
�YS [MPa]

Ultimate tensile 
strength �UTS [MPa]

Elongation at 
fracture ef  [%]

S235J2 + N 356 445 38
S355J2 + N 434 544 29
S500G1 + M 595 651 23
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and S500) joined by flux-cored arc welding, a low tough-
ness is observed in the middle of the weld metal. In con-
trast, a higher toughness is observed in the weld metal of 
the submerged arc-welded S355 joints compared to the base 
material. This is in agreement with a number of studies that 
compared the toughness of joints made by the two welding 
processes, cf. [36–38].

Each fatigue test series consists of at least 10 specimens. 
Before the fatigue tests, the misalignment and weld geom-
etry of all specimens were measured. For the latter, laser 
triangulation and the curvature method were applied, see 
[39, 40]. This is required since the nominal stress assessment 
of cruciform joints failing from weld roots is based on the 
stress acting on the weld. Thus, a precise measurement of 
the throat thickness of these specimens is crucial.

Fatigue testing was carried out under axial loading in the 
temperature chamber at a frequency around 33 Hz and a 
stress ratio of R = 0 . Full fracture of a specimen was used as 
the failure criterion. Cooling was achieved by vaporizing liq-
uid nitrogen. During the test, the temperature in the chamber 
and on the specimen was monitored by temperature gauges 
inside the climate chamber and on the specimens.

3.2 � Nominal stress assessment of obtained fatigue 
test results

The statistical assessment was performed following the rec-
ommendations of the German Welding Association for the 
assessment of fatigue test data [41] in order to obtain the 
mean stress-life (S–N) curve with:

where N is the endured number of cycles on the nominal 
stress range level Δ�n and Δ�R as mean reference fatigue 
strength (survival probability of 50%) at 2 × 10

6 cycles. 
The curves were derived using a fixed slope exponent k = 
3 according to the IIW recommendations [27]. Except for 
the S355 submerged arc-welded butt joints, tests were per-
formed at room temperature (RT), − 20 °C, and − 50 °C. The 
S355 specimens were only tested at RT and − 20 °C. The 
nominal stress fatigue results of the test program are pre-
sented in Fig. 4, including the corresponding fatigue design 
curves (FAT classes). Since the effect of the cyclic mean 

(4)N = 2 × 10
6

(
Δ�n

Δ�R

)−k

Fig. 3   Charpy V-notch impact 
toughness results, adopted from 
Braun [23] and Braun et al. [26]
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(b) S235J2+N heat-affected zone
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(d) S355J2+N base material
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(e) S355J2+N weld metal
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(f) S500G1+M base material
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(g) S500G1+M heat-affected zone
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stress at sub-zero temperatures could be different than at 
room temperature, no correction for the higher stress ratio 
( R = 0.5 for design curves) was performed to present the 
actual test results.

In the large majority of cases, a higher fatigue strength 
was obtained at lower temperatures. Only the calculation 
for the S235 butt-welded joints showed a lower mean 
fatigue strength at − 20 °C compared to room temperature.

In Fig. 5, the results of all test series are summarized in 
a bar chart so as to highlight the fatigue strength improve-
ment relative to room temperature and compared to corre-
sponding room temperature design curves of the IIW rec-
ommendations [27]. For this goal, the results—in terms of 
the mean fatigue strength ( Δ�R,50%(T))—are normalized by 
the corresponding mean fatigue strength at room tempera-
ture Δ�R,50%(T = RT) in Fig. 5a and by the corresponding 
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(f) S235 cruciform joint
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(d) S235 transversal stiffener
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Fig. 4   Fatigue test results of welded joints at room and sub-zero temperatures for k = 3 and R = 0 , and corresponding IIW fatigue design curves 
with run-outs marked by arrows, data from [26, 42, 43]
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FAT classes (Fig. 5b. As the effect of mean stress on fatigue 
strength at sub-zero temperatures is not yet investigated, no 
mean stress correction was applied for the comparison with 
the current design curves of the IIW recommendations [27]; 
nevertheless, low residual stress levels can be assumed for 
all small-scale welded joints. This is confirmed by tests of 
the fillet welded joints at a high stress ratio R = 0.5 in Braun 
et al. [42] and residual stress measurements of the S500 butt 
joints in Braun et al. [44].

Figure 5 clearly highlights the increase compared to 
room temperature fatigue strength and fatigue design curves 
derived from according tests. The results are in line with 
the decrease in fatigue strength typically observed at high 
temperatures. Nonetheless, current fatigue design recom-
mendations do not account for this effect.

4 � Statistical assessment of fatigue test 
results obtained at sub‑zero temperatures

To clearly distinguish the effect of temperature on fatigue 
strength of welded joints from other influencing factors, a 
statistical assessment of the test results is presented in the 
following. For this purpose, correlations between number 
of cycles to failure Nf  and test temperatures T  are exem-
plarily assessed. To highlight the effect of test tempera-
ture, additional correlations to specimen misalignment are 
added. In this context, the effect of specimen misalignment 
is expressed—following the IIW recommendations [27]—as 

the combined stress magnification factors km for axial and 
angular misalignment.

First, to be able to assess the abovementioned correla-
tions, a linear regression model (normal distribution) is fitted 
to the logarithm of number of cycles to failure. Second, the 
residuals between test data and regression model are used to 
determine possible correlation. This is required as the tests 
were performed at different load levels and can thus not be 
assessed directly.

To verify the assumption of normally distributed residu-
als, i.e., to justify the usage of a linear regression model, 
different tests are performed. For this purpose, both visual 
and statistical distribution tests are applied. The visual veri-
fication of the regression model comprises residual, normal 
probability, and cumulative distribution function (CDF) 
plots, see Fig. 6. The chosen statistical distribution test is 
the Anderson–Darling (AD) test [45], which is considered 
to be the most precise to verify whether a sample is drawn 
from a normal distribution [46]. According to the AD test, 
the data is considered to stem from a normal distribution 
(null hypothesis) if the test value AD is smaller than the criti-
cal value AD∗—at a given significance level � = 0.05 [23]. 
The goal of the residuals and CDF plots is to verify whether 
the data is symmetrical (typical for a normal distribution) 
and whether the empirical CDF is similar to a normal CDF, 
respectively. If the AD test confirms the null hypothesis and 
the residuals appear to be normally distributed, it can be 
assumed that the fatigue test data is lognormally distributed, 
see Haibach [47].

Fig. 5   a Ratio of experimental 
mean (Ps = 50%, N = 2 × 106) 
fatigue strength at sub-zero tem-
peratures to room temperature 
and b ratio of experimental to 
corresponding fatigue strength 
class (Ps = 97.7%, N = 2 × 106), 
no mean stress correction was 
applied as this effect was not 
yet investigated at sub-zero 
temperatures; extended from 
Braun [23]
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Figure 6 presents the exemplary results of the visual and 
statistical distribution tests for the cruciform joint test data. 
For both steel types, all three visual assessments indicate a 
symmetrical function that could be a normal distribution. 
This result is supported by the AS test results. For both 
steels, the test value AD is significantly smaller than the 
critical value AD∗ . Similar results are obtained for the other 
weld details, see Braun [23].

As the data is considered to be normally distributed, the 
correlation between the residuals of logarithmic number 
of cycles to failure and test temperature is subsequently 
analyzed to determine whether there is a correlation 
between both quantities. To this goal, Pearson correla-
tion coefficients rxy [48] are calculated, which are typi-
cally used to assess linear relations between variables. The 
assumption of linear relation is based on the results of the 
fatigue strength comparison with room temperature results 

that showed an almost linear trend of increasing fatigue 
strength at sub-zero temperatures. Additionally, correla-
tions between residuals of logarithmic number of cycles to 
failure Nf  and stress magnification factors km are assessed 
to highlight the significance of test temperature and to 
assess possible data biases. The results of both correla-
tions are supported by calculations of probability values (p 
values) of each fit, i.e., the result of a hypothesis test of no 
correlation against the alternative hypothesis of a non-zero 
correlation [23]. According to common practice, p values 
( p < 0.05 ) are considered to represent a significant corre-
lation coefficient. To evaluate whether the two dependent 
Pearson correlation coefficients are significantly different, 
Steiger’s Z test [49] is performed. The advantage of this 
test is that it is easy to perform and suitable for small data-
sets [50]. For this purpose, the difference of the dependent 
correlations coefficients is calculated with:
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Fig. 6   Difference between residuals and fitted normal distribution, normal probability plot of residuals with results of the Anderson–Darling test, 
and comparison of cumulative distribution functions for S235J2 + N (a) and S500G1 + M (b) cruciform joints; taken from Braun [23]
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where r13 and r23 are the Pearson correlation coefficients 
between the test temperature and the residuals of logarithmic 
number of cycles to failure Nf  , and the stress magnification 
factors km and the residuals of logarithmic number of cycles 
to failure Nf  , respectively. The significance of the difference 
is assessed using Steiger’s [49] formulation of the p value.

The results of the correlation assessments of all weld 
details with test results at three different test temperatures 

(5)Δrxy =
|
|r13 − r23

|
| are presented in Fig. 7, where different colors are used for 

each test temperature to help distinguish the data. Per defini-
tion, a correlation is considered strong if ||

|
rxy

|
|
|
> 0.7 and 

moderate if ||
|
rxy

|
|
|
> 0.3 [51]. Comparing the different test 

series, the strongest correlation ( rxy = −0.80 ) between the 
residuals of logarithmic number of cycles to failure and the 
test temperature is observed for the S235 cruciform joints. 
Also, the fatigue strength of S500 cruciform joints showed 
a high moderate correlation to the test temperature. The 

Fig. 7   Correlation between test temperature and normally distributed residuals, and comparison of correlation with stress magnification factors 
km of all test series that include three different test temperatures; adopted from Braun [23]
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other weld details with fatigue failure at the weld toes (trans-
versal stiffeners and butt-welded joints) show moderate cor-
relations—with the exception of S235 butt-welded joints, 
for which no correlation is observed. The negative correla-
tions indicate that a higher fatigue strength is observed at 
sub-zero temperatures (positive residuals correspond to 
result on the right side of the normal distribution) [23].

To quantify the effect of the test temperature, the steep-
ness of the correlation best fit is determined—see Fig. 7, 
represented by a black line with a 95% confidence interval 
in grey. The slope of the best fit b is determined from the 
correlation coefficients and the standard deviations around 
the x- and y-axes ( SDx and SDy ) by:

There are differences in the steepness of the correlation 
best fits; however, the order of magnitude is similar for all 
test series that showed a moderate to strong correlation. In 
general, a higher value b confirms a stronger influence of the 
test temperature on fatigue life.

The reason for the significantly stronger correlation for 
the cruciform joints is thought to be related to the smaller 
number of influencing factors. The fatigue strength of cru-
ciform joints showing weld root failure is almost exclusively 
defined by crack propagation from sharp notches. Hence, the 
scatter of fatigue strength for such weld details is usually 
lower compared with weld details showing weld toe fail-
ure. This can clearly be seen from Fig. 4. Additionally, the 
range of stress magnification factors km for of the S235 joints 
is comparably low and does not seem to affect the fatigue 
strength much, see [52]. Comparing the slope of the linear 
fits of S235 and S500 cruciform joints, a shallower slope 
(higher b ) is observed for the S235 joints. This result agrees 
well with the change of mean fatigue strength, see Fig. 5.

For both cruciform joint datasets, it is observed that the 
variables are significantly different as the outcome of the Z 
test is statistically significant with ( ||

|
Δrxy

||
|
> 0.9 and 

p < 0.001 ). In fact, the two variables (stress magnification 
factor and test temperature) account for more than 90% of 
the variability of the residuals in both cases, i.e., the location 
within the normal distribution of residuals of logarithmic 
number of cycles to failure [23]. Again, this result is 
expected due to sharp weld root radii and a generally small 
scatter of fatigue test results for this weld detail. This is 
evidently related to the low ratio of fatigue crack initiation 
to growth period for cruciform joints compared with weld 
details that show crack initiation at the weld toes, see Fischer 
et al. [53]. What is, however, interesting to note is the mod-
erate positive correlation between the residuals of logarith-
mic number of cycles to failure Nf  and the stress magnifica-
tion factors km for the S500 cruciform joints. The positive 

(6)b = rxy

(
SDy

SDx

)

correlation seems to be related to a few test results with high 
stress magnification factors km . Those were, however, all 
tested at − 50 °C. The correlation might be coincidental, as 
no test results are available for S500 cruciform joint speci-
mens with km < 1.1.

For the other weld details, the Z test results show lower 
differences in correlation coefficients. This is probably 
related to the fact that other influencing factors affect fatigue 
strength and, thereby, also the residuals of logarithmic num-
ber of cycles to failure Nf  and the effect of a moderate cor-
relation to the stress magnification factors km for the majority 
of other test series. In fact, the highest correlations between 
the residuals of logarithmic number of cycles to failure Nf  
and the stress magnification factors km are observed for 
the butt-welded joints. This agrees with recent results that 
showed a strong influence of stress-magnification factors if 
fixed clamps are used in fatigue tests, see Braun et al. [54].

Next, bootstrapping of the samples is performed to deter-
mine the variance of the obtained correlation coefficients. 
Bootstrapping methods are statistical algorithms that are 
based on random sampling with replacement. The advan-
tage of bootstrapping of small samples is that the variance 
of a sample can be determined without the need to know the 
exact distribution of the original sample; however, in order 
to determine the variance, the process has to be repeated a 
large number of times. A typical number of repetitions is 
1000 [55]. Hence, a probability density of the original sam-
ple or a confidence interval of a quantity like the correlation 
coefficient rxy is obtained. The estimate of the correlation 
coefficient of the real population r∗xy corresponds to the 
mean of the bootstrapped probability density estimates. [23]

The results of the bootstrapped samples are presented in 
Fig. 8 including the fitted normal distributions (solid line) 
to the bootstrapped data. From the distribution, the estimate 
of the correlation coefficient r∗xy and the standard deviation, 
i.e., the standard error SE , are determined. The 95% confi-
dence interval of the mean value (estimate of the correlation 
coefficient r∗xy ) corresponds to 1.96 × SE if the sampling 
distribution fits a normal distribution [56]. Indeed, the boot-
strapped estimates seem to match a normal distribution well.

Comparing the estimate of the correlation coefficient 
r
∗
xy with the Pearson correlation coefficients rxy for the 

number of cycles to failure Nf  and the test temperatures 
T  , a good agreement is observed for all datasets. In fact, 
the maximum deviation between both is only 0.01; how-
ever, more importantly, low standard errors and confidence 
intervals are calculated for all datasets. The confidence 
interval is a suitable measure to determine whether a 
dataset is large enough to come to certain conclusions. 
As the actual variance of a bootstrapped distribution is 
approximately equal to the bootstrapped variance [57], 
direct conclusions about the quality and amount of data 
are possible. Again, the lowest scatter (i.e., standard error) 
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is observed for the cruciform joints. The standard error 
of the butt-welded joint specimens and the transversal 
stiffener are about two and three times larger than for the 
cruciform joints, respectively. This indicates that the data 
was in many cases sufficient to confirm moderate correla-
tions, but should have been larger to result in such low 
standard errors as observed for the cruciform joints. This 
is exacerbated by the fact that the range of bootstrapped 
correlation coefficients extends from strong correlations to 
no correlation. Finally, the assessment and in particular the 
data for cruciform joints does, however, confirm the cor-
relation between the test temperature and the residuals of 
logarithmic number of cycles to failure and consequently 
the substantial effect of test temperature on fatigue life.

5 � Discussion

The experimental test results show a clear trend of increas-
ing fatigue strength with decreasing test temperature. By 
means of statistical assessment, a correlation between test 
temperature and fatigue life is verified for the majority 
of weld details and steel types. This result is in line with 
studies on FCG rate testing of base materials as well as 
S–N fatigue tests of welded joints at sub-zero temperatures 
([7, 10, 12, 15–17]).

The increase in fatigue strength at sub-zero tempera-
tures is found to be similar for all weld details and steel 
types. Interestingly, the highest relative increase was 

Fig. 8   Histograms of prob-
ability density of correlation 
coefficients obtained from 
1000 bootstrap samples from 
the initial sample size of a 
butt-welded joint, b transversal 
stiffener, and c cruciform joint 
test data—with estimates of the 
correlation coefficient r∗xy and 
the standard errors SE ; extended 
from Braun [23]
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obtained for cruciform joints with weld root failure, but 
the highest absolute increase was observed for butt-welded 
joints. This confirms an assessment by Alvaro et al. [19] 
with regard to differences in crack initiation and propa-
gation behavior at sub-zero temperatures. In two recent 
studies, Alvaro et al. [21] and Walters et al. [20] observed 
decrease more significant decrease of the FCG rate in the 
low stress-intensity factor range than in other regions of 
the Paris diagram, see Fig. 1. This effect could explain 
the difference in relative fatigue strength increase. In fact, 
most of the fatigue life of cruciform joints with weld root 
failure is determined by crack propagation with gradually 
increasing crack length and stress intensity factor. In con-
trast, the fatigue life of butt-welded joints is dominated by 
early crack initiation and propagating [53, 58].

Comparing the change in fatigue strength of weld details 
made of S235 normal and S500 high-strength steels, no 
apparent difference is observed. On the one hand, a higher 
relative increase is observed for S235 cruciform joints and 
transversal stiffeners. On the other hand, however, the rela-
tive increase of S500 butt-welded joints is slightly higher as 
of the S235 counterpart. Based on the statistical assessment 
of the test results, this could be coincidental. Higher esti-
mates of the Pearson correlation coefficient r∗xy—for num-
ber of cycles to failure Nf  and test temperatures T—were 
determined by bootstrapping for S500 butt-welded joints and 
S235 cruciform joints. On the contrary, almost identical esti-
mates were found for S235 and S500 transversal stiffeners.

The most important observation from the statistical 
assessment, however, is that the change in fatigue strength 
is evidently related to decreasing test temperatures. Espe-
cially the data of the cruciform joints showed a strong cor-
relation between fatigue life and test temperature. For the 
transversal stiffeners and butt-welded joints, moderate to no 
correlations were observed. This is thought to be related to 
stronger effects of specimen misalignment and other influ-
encing factors such as local weld geometry. The latter is 
practically non-existent for cruciform joints with weld root 
failure due to the sharp weld root notch. This result is in 
good agreement with FCG rate testing at sub-zero tempera-
tures. Interestingly, the majority of studies based on S–N 
tests that did not observe strong temperature effects applied 
butt-welded joints for testing. In contrast, some studies that 
tested fillet-welded joints also observed significant increases 
in fatigue strength at sub-zero temperatures, cf. [12, 16, 42]. 
This explains why some studies might not have observed a 
temperature effect on fatigue strength, as the amount of test 
data was simply too small to come to this conclusion.

Additionally, differences in fatigue strength are to be 
expected near failure initiation locations or in areas through 
which cracks propagate—due to changes in the microstruc-
ture [23]. Differences in fracture mechanics properties and 
stacking fault energy of the microstructure could explain 

differences in fatigue strength between butt-welded joints 
and cruciform joints with weld root failure for example, see 
[19, 23]; however, more research is required on this topic to 
resolve this knowledge gap.

The majority of state-of-the-art fatigue assessment meth-
ods for designing structures that are exposed to sub-zero 
temperatures are stress-based. Those methods require modi-
fication factors to account for temperature effect on fatigue 
strength, see Braun et al. [52]. Applying correction functions 
meant for high-temperature fatigue (above 100 °C) under-
estimates the change in fatigue strength, see Sect. 2.2 and 
Braun et al. [42]. Alternatively, extensions of fatigue assess-
ment methods—based on the micro-structural support effect 
hypothesis—that account for temperature effects on fatigue 
strength of welded joints on a sound physical basis are pre-
sented in [33, 34, 59].

6 � Summary and conclusions

While effects of high temperatures on material behavior 
are well covered in international standards and guidelines, 
there is no comprehensive guidance for sub-zero tempera-
ture fatigue strength assessment. In contrast, the majority of 
studies investigating sub-zero temperature fatigue behavior 
of ferritic materials observed an increase of fatigue strength 
before a sudden decline. More importantly, S–N test data of 
welded joints at sub-zero temperatures is particularly scarce. 
The main goal of this study is thus to presents a compre-
hensive review of recent test results of various weld details, 
tested in the range of − 50 to 20 °C. This S–N data can be 
used as a basis for future considerations of temperature 
effects in fatigue design guidelines and recommendations.

In summary, a significant fatigue strength increase was 
observed for welded joints at sub-zero temperatures for all 
three weld details (butt-welded joints, cruciform joints, and 
transversal stiffeners), all three steel grades (S235J2 + N, 
S355J2 + N, and S500G1 + M), and the two welding meth-
ods (sub-merged arc and flux-cored welding). The highest 
increase in fatigue strength was observed for the weld detail 
with the highest notch acuity (cruciform joints) of more than 
20% at − 50 °C compared to room temperature. This result 
was confirmed by a rigorous statistical assessment of the test 
results—including the determination of Pearson correlation 
coefficients and bootstrapping.

Currently, international standards and guidelines do con-
sider adverse effects of high temperature (typically above 
100 °C) on fatigue strength, but they neglect similar effects 
at sub-zero temperatures, cf. [27–31]. On the other hand, 
correction functions for high temperatures [27, 32] seem 
to underestimate the change in fatigue strength at sub-zero 
temperatures. The presented database could serve as a basis 
for future updates of guidelines and for standards for a more 
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holistic approach to designing engineering structures that 
are exposed to sub-zero temperatures.

The following conclusions are drawn from the 
investigation:

•	 On average, the fatigue strength of the welded steel 
joints reviewed for this study increased with decreasing 
temperature throughout the tested range. Compared to 
room temperature, the relative fatigue strength increased 
on average by 6.3% and 15.0% at − 20 °C and − 50 °C, 
respectively, see Fig. 3a.

•	 Fatigue design curves for welded joints derived from tests 
at room temperature underestimate the actual fatigue 
strength at sub-zero temperatures; this is especially true 
for weld details with sharp notches such as cruciform 
joints showing weld root failure, see Fig. 3b.

•	 Comparing the fatigue strength increase at sub-zero 
temperatures to controls at room temperature, the high-
est relative increase of 25.5% was obtained for the weld 
details with the highest notch acuity (cruciform joint with 
weld root failure), but the highest absolute increase was 
observed for the weld details with the lowest notch acuity 
(butt-welded joints).

•	 The effect of test temperature on fatigue strength was 
statistically confirmed by determining the Pearson corre-
lation coefficients between test temperature and number 
of cycles to failure and by bootstrapping.

•	 Various influencing factors affect fatigue life of welded 
joints. It is hence not surprising that the strongest cor-
relation between number of cycles to failure and test tem-
perature was observed for the weld detail with the highest 
notch acuity and the lowest influence of geometry-related 
factors (cruciform joints showing weld root failure).

•	 Finally, bootstrapping of the data confirmed that the 
amount of data gathered for this study was sufficient to 
draw these conclusions. Furthermore, the confidence 
interval of correlations between the number of cycles 
to failure and the test temperature is larger for weld 
details with lower notch acuity. Hence, more test data is 
required (e.g., for butt-welded joints compared to fillet-
welded joints) to verify the temperature effect on fatigue 
strength. This explains why some studies—in particular 
those testing butt-welded joints—showed ambiguous 
results instead of confirming the temperature effect.

7 � Outlook

A better understanding of extreme temperature conditions 
is decisive for the structural integrity of engineering struc-
tures in Arctic regions. This study confirmed an increas-
ing constant-amplitude fatigue strength of welded joints 
with decreasing temperature; however, this effect is not yet 

considered in international standards and design guidelines. 
To verify this effect under realistic loading conditions, this 
finding should be substantiated by variable amplitude load-
ing tests, which is part of an ongoing project, see [4, 60, 61].
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