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A B S T R A C T   

Wire arc additive manufacturing (WAAM), also known as directed energy deposition (DED) process, is an efficient additive manufacturing technology, offers high 
potential to rapidly fabricate large-scale parts with complex geometries layer-by-layer. However, the fundamental understanding of the fatigue behaviour of such 
parts and the material requirements need to be significantly improved at all levels before this unique technology can be implemented for critical applications. This 
work aims to investigate the fatigue behaviour of WAAM built ER70S-6 steel under uniaxial, torsion and multiaxial loading conditions. Specimens were extracted in 
two different orientations: vertical and horizontal, to explore if the orientation direction has any effect on the fatigue results. Scanning Electron Microscopy (SEM) 
was conducted to examine the fracture surface of broken specimens and identify crack initiation regions and fracture mechanisms. The obtained results were 
compared with the fatigue data available in the literature on common structural steels fabricated using conventional welding and WAAM technique, showing similar 
fatigue behaviour with wrought S355 specimens. Moreover, the uniaxial data set on ER70S-6 WAAM specimens was evaluated according to the DNV RP-C203 
standard for continuous welds, demonstrating advantageous fatigue resistance in the examined material.   

1. Introduction 

Additive manufacturing (AM) is a process of joining material layer by 
layer to produce objects from a three-dimensional model, using a com-
bination of the energy source and material deposition. This 
manufacturing process offers some advantages compared to the con-
ventional production techniques; for instance, more design freedom, 
material waste reduction, shorter lead-time, near net shape fabrication 
without expensive production moulds and tools. On the other hand, AM 
parts may contain defects related to the welding manufacturing process 
(lack of fusion, trapped gas bubbles, etc) [1], locked in residual stresses 
and rough surfaces [2]. Moreover, due to repeating heating and cooling 
processes during production, the material can experience different 
thermal histories and hence different microstructures, resulting in 
highly anisotropic behaviour which would subsequently affect the fa-
tigue strength, wear, and corrosion resistance [3–5]. 

Development of more powerful and economical manufacturing 
processes enables the rapid production of larger components using 
common engineering materials, such as structural steels, for various 
industrial applications [6]. Wire arc additive manufacturing (WAAM) 
technique is a type of the directed energy deposition (DED) AM process, 
which meets the requirements for the large-scale component production 
offering the highest deposition rates among all AM methods: 5–8 kg/h 

compared with 55 g/h for the powder-based techniques [7]. With 
comparatively easy deposition process completed in open air, WAAM 
can be used for alternative re-manufacturing and repair applications in 
various industries such as offshore structures operating in remote areas 
[8]. 

It has been estimated that fatigue contributes to approximately 90% 
of all mechanical service failures; therefore, fatigue analysis is an 
essential part of any structural design assessment and inspection plan-
ning, especially for AM built components, in which welding defects and 
tensile residual stresses are detrimental for fatigue characteristics [9]. 
Thus, for future structural applications the uncertainty of the fatigue 
performance of AM components must be fully characterised and new test 
data need to be generated for structural durability predictions. Due to 
the increasing interest by aerospace and nuclear industries in AM 
technologies, a significant majority of the existing experimental fatigue 
data in the literature are available on AM built titanium Ti-6Al-4 V 
specimens [2,10–14] and stainless steel SS316 [15,16]; however, only a 
limited number of the available data sets are on fatigue behaviour of 
WAAM built steels for application in other industries, such as offshore 
renewable energy in which the structures are commonly made of 
structural steels. Among the limited data available on WAAM built steels 
in the literature, a study was carried out by Dirisu et al. [17] on the 
fatigue performance of ER70S-6 alloy. Flat dog bone specimens were 
extracted from the WAAM walls in horizontal orientation (i.e. parallel to 
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the deposition direction) and three specimen types were examined: as- 
built, as-built rolled and machined. All specimens were tested under 
uniaxial fatigue loading condition with the load ratio of R = 0.1. The test 
results demonstrated an improvement in the fatigue strength for the 
machined specimens with smooth surface compared to other specimen 
types. It has been also reported that rolling of the as-built wavy surfaces 
was found beneficial to enhance the fatigue performance of the WAAM 
built components compared to as-built specimens. These findings 
confirmed that wall waviness, which is in fact naturally occurred 
notches during manufacturing process, acts as a stress riser and there-
fore reduces the fatigue strength of the as-built components. Another 
study was conducted by Bartsch et al. [6] on as-built WAAM G3Si1, a 
copper coated steel, specimens. Dog bone specimens with two different 
lengths were tested under uniaxial fatigue loading conditions with the 
load ratio of R = 0.1 The presented experimental and numerical results 
revealed that the surface roughness was the main influencing factor in 
fatigue life analysis of the examined specimens. 

A review of the existing works available in the literature shows that 
only a few fatigue data sets were generated for WAAM built structural 
steels, which only included uniaxial fatigue loading conditions. The lack 
of wider range of fatigue data for WAAM built steel components restricts 
the industry’s access to the full range of advantages that the WAAM 
technology offers to a wide range of industries and limits the imple-
mentation of this powerful technology into new manufacturing pro-
cedures. In this context, the current work aims to contribute to the 
fundamental understanding of the fatigue and cracking behaviour of 
additively manufactured ER70S-6 specimens subjected to uniaxial, tor-
sion and multiaxial fatigue loading conditions. The experimental data 
obtained from this study was compared with the existing fatigue data for 
wrought structural steels and also with limited data available on WAAM 
built components. Also included in this study is the sensitivity analysis of 
the fatigue behaviour to the specimen extraction orientation (parallel or 
perpendicular) with respect to the deposition direction. Last yet 
importantly, the presented results from this study were interpreted by 
conducting complementary microscopic analysis of the fracture surfaces 
to better understand the failure mechanism under different type of fa-
tigue loading conditions. 

2. Specimen manufacturing process 

For conducting fatigue tests in the present study, four WAAM walls 
were built using Lincoln Electric ER70S-6 welding wire [18], with the 
chemical composition summarised in Table 1. The Cold Metal Transfer 
(CMT) based WAAM process was implemented, with manufacturing 

process parameters summarised in Table 2. To minimise the micro-
structural variability of different WAAM walls, all manufacturing pa-
rameters were kept the same for all four walls. Each WAAM wall was 
built in the middle of the base plate, made of EN10025 rolled structural 
steel, with dimensions of approximately 420 × 200 × 12 mm3. As shown 
in Fig. 1, the base plate was rigidly fixed onto the working table using 
eight clamps (two on each side of the base plate). This helped to mini-
mise bending and distortion of the base plate and WAAM wall due to 
high manufacturing temperatures. The clamps were released once the 
wall was completed and cooled down to the ambient temperature. Ad-
ditive layers were deposited on top of each other using an oscillation 
pattern [8], in order to produce relatively thick walls of approximately 
24 mm in thickness (Y-direction in Fig. 1), 355 mm in length (X-direc-
tion) and 140 mm in height (Z-direction). As shown in Fig. 1, the WAAM 
fabrication set-up consisted of the CMT power source, a robotic arm with 
the torch feeding the wire and supplying shielding gas simultaneously. 
An exhaust fan was set above the WAAM wall to remove the generated 
heat and fumes. 

Upon completion of the WAAM walls fabrication process, sixty 
smooth round bar (SB) specimens were extracted using the Electrical 
Discharged Machining (EDM) technique. Specimens were extracted 
along two different orientations: vertical (V) – perpendicular to the AM 
layers, and horizontal (H) – oriented along the deposited layers. An 
example of the schematic extraction plan for one of the WAAM walls is 
displayed in Fig. 2 (a), where specimens denoted B-1 – B-6 have hori-
zontal and B-7 – B-16 have vertical orientations. The round bar speci-
mens were designed in accordance with the ASTM E466 standard [19], 
and the key dimensions are presented in Fig. 2 (b). 

3. Testing and data analysis methodology 

3.1. Fatigue tests 

All fatigue tests under uniaxial, torsion, and multiaxial loading 

Nomenclature 

A material dependent constant 
B material dependent constant 
k inverse slope in S-N curve 
Nf number of cycles to failure 
R load ratio 
Tσ Scatter index 
λ biaxiality ratio 
Δσ stress range 
Δσ50% fatigue strength at 2 × 106 cycles 
σeff effective stress 

σmax maximum stress 
Φ phase angle 
AM Additive Manufacturing 
CMT Cold Metal Transfer 
DED Directed Energy Deposition 
EDM Electrical Discharge Machining 
H Horizontal 
SB Smooth round bars 
SEM Scanning Electron Microscope 
V Vertical 
WAAM Wire Arc Additive Manufacturing  

Table 1 
Chemical composition of ER70S-6 material (wt.-%)[18].   

C Mn Cr Si Ni Mo S P Cu V 

ER70S-6  0.09  less than1.60  0.05  0.09  0.05  0.05  0.007  0.007  0.20  0.05  

Table 2 
CMT-WAAM fabrication process parameters.  

Shielding gas Ar + 20% CO2 

Gas flow rate 15 L/min 
Wire diameter 1.2 mm 
Robot travelling speed 7.33 mm/sec 
Wire feed speed 7.5 m/min 
Dwell time 120 sec  
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conditions were performed using an MTS landmark servo-hydraulic test 
machine with the load cell capacity of 100 kN, under load control mode 
with a frequency of 20 Hz and the load ratio of R = 0.01. The test ma-
chine was accurately tuned prior to the start of the testing phase to 
ensure that the intended load levels were precisely applied on the test 
specimens. Moreover, alignment checks were conducted to ensure that 
the fatigue response of the WAAM built material is examined in the 
absence of any bending stresses. For multiaxial fatigue tests, a biaxiality 
ratio of λ = 1 was used, with phase angle Ф = 00 (in phase loading). The 
stress-fatigue life diagrams were obtained separately for vertical and 
horizontal specimens, to capture the sensitivity of the fatigue behaviour 
to specimen extraction orientation. On average around 10 specimens 
were tested for each fatigue loading condition (uniaxial, torsion and 
multiaxial) and specimen orientation (vertical and horizontal). In this 
experimental test programme, specimens that endured 2 × 106 cycles 
were considered as run-out. The obtained fatigue data were analysed 
using 10% (upper bound), 50% (mean curve) and 90% (lower bound) 
probability of failure bands according to procedure described in the BS 
ISO 12107:2003 [20] and ASTM E739-10 [21] standards, and the data 
were plotted to obtain the inverse slope, k, of the Wöhler curves and 
scatter index, Tσ, in the fatigue data analysis. In this assessment, Tσ is the 
ratio between the stress level corresponding to 10% and 90% of survival 
probability. The calculated stresses for uniaxial loading were the nom-
inal stress at the net section of the specimen. In case of torsion loading, 
the presented stresses were the maximum values in the cross section (the 
stress at the surface). As for the multiaxial loading, since the biaxiality 
ratio was λ = 1, only one of the stresses (tension or torsion) was used for 
illustration. 

According to the procedure given in the literature, the uniaxial fa-
tigue data can be analysed using the following equation, which is often 
referred to as Basquin relationship. 

Nf = A(Δσ)
B (1) 

Equation (1) shows that the number of cycles to failure Nf can be 
correlated with the cyclic stress range Δσ using a power-law equation. 
The power-law constants in this equation, A and B, are material 
dependent and can be obtained using a line of best fit made to the data. 
In this research, a similar approach has been adopted by plotting the 
maximum applied stress against the number of cycles to failure in uni-
axial fatigue tests. The inverse slope obtained from this analysis is: k =
1/B. Similar power-law relationships have been employed to correlate 
torsion and multiaxial fatigue stresses with the number of cycles to 
failure. 

3.2. Fractography analysis 

Upon completion of the fatigue tests, six specimens were selected for 
post-mortem microscopy analysis to study the failure mechanisms in the 
specimens subjected to different type of fatigue load (uniaxial, torsion 
and multiaxial) and oriented along different directions (vertical and 
horizontal). The fractography analysis was carried out using the FEI 
Quanta 650 FEG scanning electron microscope (SEM). In order to 
directly compare the observations on the fracture surfaces, the speci-
mens subjected to the same fatigue load level with different orientations 
and fatigue load types were selected for the SEM analysis. The results 
obtained from the post-mortem analysis were implemented in 
conjunction with the experimental data in order to provide an accurate 
interpretation of the fatigue behaviour of the WAAM built specimens 
under different fatigue load types and for different specimen 
orientations. 

4. Experimental results and discussions 

4.1. Fatigue test results 

The fatigue test data for WAAM built ER70S-6 specimens for 
different specimen orientations and different loading types are shown in 
Fig. 3 in log–log axes. These data were analysed following the procedure 
detailed in Section 3.1, by plotting the maximum stress against the 
number of cycles to failure, and the resulting fatigue properties are 
summarised in Table 3. In this table, Δσ50% is the fatigue strength at 2 ×
106 cycles, Tσ is the scatter index, and k is the inverse slope factor. The 
experimental data from uniaxial fatigue tests on vertical and horizontal 
specimens are presented in Fig. 3 (a) and (b), respectively, with the 
obtained trends directly compared with each other in Fig. 3 (c). It can be 
observed in Fig. 3 (a–c) that under uniaxial loading condition the fatigue 
strength of 436 MPa and 384 MPa was obtained for vertical and hori-
zontal specimens, respectively, indicating that the fatigue strength of the 
vertical specimens was higher than the horizontal. Comparison of the S- 
N data sets for different specimens orientations in Fig. 3 (c) shows that a 
much steeper slope can be observed for the horizontal specimens, which 

Fig. 1. CMT system set up and the WAAM deposition process.  

(a) (b)

Y
X

Z

Base 
plate

WAAM 
wall

112 mm
35 mm

15 m
m

Fig. 2. (a) Schematic extraction plan for a WAAM wall, and (b) cylindrical specimen dimensions.  
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is also indicated by the inverse slope factor that is 2.6 times higher for 
the vertically oriented specimens compared to the horizontal samples 
reported in Table 3. As it was previously reported by Ermakova et al. 
[22], WAAM built ER70S-6 specimens with horizontal orientation have 
a higher yield strength (390 MPa) than the vertical (365 MPa), hence it 
is expected that the material with higher yield strength (horizontal 
orientation) will have a lower fatigue life [23], confirming the trends 
observed in Fig. 3 (a–c). Moreover, having higher value of yield strength 
along with higher elongation at failure (higher ductility), possibly 
resulting in higher fatigue strength at high load level for horizontal 
specimens (0.77 mm/mm), compared with the vertical (0.71 mm/mm) 
[22]. It also can be noted here that the fatigue strengths obtained in the 
study for the horizontal and vertical specimens are close to and above 
the orientation-specific yield stress of the material, respectively. As seen 
in Table 3 the analysis of the test results show that the scatter index 
observed in uniaxial fatigue data is comparable for both specimen ori-
entations and differs only by 2%. Finally observed in the uniaxial fatigue 
data is that while the fatigue life in horizontal specimens is generally 

lower than the vertical specimens at low stress levels, this trend can be 
switched at higher stress levels if the obtained trend from horizontal 
specimens is extrapolated to the high stress region. 

The fatigue data from torsion tests on vertical and horizontal speci-
mens are presented in Fig. 3 (d) and (e), respectively, with the obtained 
trends directly compared with each other in Fig. 3 (f). As seen in Fig. 3 
(d-f), the fatigue strengths of vertical and horizontal specimens are 
found to be 324 MPa and 355 MPa, respectively, indicating similar, 
though slightly higher, fatigue strength in horizontal specimens 
compared to the vertical. This increase in the fatigue strength of hori-
zontal specimens tested under torsion can be attributed to the higher 
ductility of this orientation resulting in higher stress shielding in the 
specimen. As seen in Table 3 the analysis of the torsion test results show 
that the scatter index is similar for both orientations with 1.19 for ver-
tical against 1.16 for horizontal specimens. Moreover, the inverse slope 
factor has been found to be higher for horizontally oriented specimens 
compared to vertical by 43%, with a steeper slope for the vertical 
specimens data set. 

The fatigue data from multiaxial fatigue tests on vertical and hori-
zontal specimens are presented in Fig. 3 (g) and (h), respectively, with 
the obtained trends directly compared with each other in Fig. 3 (i). It can 
be observed in Fig. 3 (g) and (h) that the fatigue strengths obtained from 
vertical and horizontal specimens under multiaxial loading condition 
are 229 MPa and 245 MPa, respectively, indicating 6.5% higher value of 
fatigue strength for the horizontal specimens compared to the vertical. 
Analysing the experimental data from multiaxial tests shows that the 
values for the scatter index in vertical and horizontal data sets are 
comparable within 0.8% for specimens with different orientations. 
Finally observed in the results from multiaxial fatigue test data is that 

Fig. 3. Fatigue test data for ER70S-6 specimens under (a-c) uniaxial, (d-f) torsion, and (g-i) multiaxial loading conditions.  

Table 3 
Fatigue behaviour of tested ER70S-6 specimens.  

Test Orientation Δσ50% [MPa] Tσ k 

Uniaxial V 436  1.14  33.80  
H 384  1.17  12.78 

Torsion V 324  1.19  11.42  
H 355  1.16  16.34 

Multiaxial V 229  1.19  12.14  
H 245  1.20  14.56  
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the difference in the inverse slope factors for specimens with different 
orientations drops to 16.6%, with slightly higher value (hence lower 
slope) observed for the horizontal specimens compared to the vertical 
data set (see Table 3). It should be noted here that the presented pre-
liminary trends in this study are indicative representation of the fatigue 
behaviour of WAAM built ER70S-6 specimens, hence further repeat tests 
need to be performed in future work to produce the S-N design curve for 
this material and provide higher confidence in the statistical analysis by 
considering the inherent scatter in the data for industrial applications. 

Further comparison of all fatigue data obtained from the current 
study is presented in Fig. 4. This figure shows that a decreasing overall 
trend in fatigue strength can be observed from uniaxial fatigue to torsion 
and further to multiaxial fatigue tests. The analysis of the presented 
results in Fig. 4 and Table 3 reveals that compared to the uniaxial test 
results the average fatigue strength of the material (i.e. the mean value 
between fatigue strength of vertical and horizontal specimens) drops by 
15% for specimens tested under torsion and by 42% for specimens tested 
under multiaxial loading condition considering solely the tension or 
torsion applied stress. This observation confirms that the fatigue 
strength of the ER70S-6 WAAM built specimens is sensitive to the fatigue 
loading type, as expected. Moreover, the experimental data obtained 
from specimens with different orientations indicates that in addition to 
the type of the fatigue loading (i.e. uniaxial, torsion and multiaxial), the 
results are also sensitive to the specimen orientation. Comparison of the 
fatigue strengths in vertical and horizontal specimens tested under 
different fatigue loading types shows that highest difference, which is 
12%, is observed in specimens tested under pure uniaxial loading con-
dition, whereas this difference gradually reduces to 9% in torsion fatigue 
tests and 6.5% in multiaxial fatigue tests. It is also worth noting that due 
to varying inverse slope factors for data sets with different specimen 
orientations obtained under different fatigue load types, the data sets 
intersect when the observed trends are extrapolated to lower number of 
cycles. This suggests that the performance of one specimen orientation is 
better at lower number of cycles and then gradually deteriorates at 
higher number of cycles, and vice versa. The general observation in 
Fig. 4 shows that under torsion and multiaxial loads, horizontal speci-
mens display higher fatigue strengths at 2 million cycles (run-out limit) 
than vertical, whereas for uniaxial load, the vertical orientation exhibits 
a higher fatigue strength than the horizontal. 

4.2. Comparison with the literate data and design curves 

In order to assess the fatigue performance of ER70S-6 WAAM built 
specimens for fatigue design and life assessment of offshore structures, 
the obtained fatigue data from this study have been compared with the 
S-N fatigue design curve recommended for the continuous welds (C1) by 
the DNV RP-C203 standard [24], and with available data in the litera-
ture on uniaxial, torsion and multiaxial fatigue for structural steels. It is 
known that the fatigue behaviour of engineering materials is dependent 
on the load ratio and specimen design [25,26]; however, due to the 

limited data available in the literature some of the data presented in this 
section are for specimen designs that differ from the ones employed in 
this study. In order to normalise the fatigue data under various stress 
ratios collected form the literature into a single fatigue plot, the effective 
stress model was employed, using the following Equation (2). The 
concept of the effective stress was introduced by Li et al.[27] and is used 
for direct comparison of fatigue data from different studies. This model 
does not consider the effect of loading frequency, therefore limited effect 
of different loading frequencies is expected. 

σeff = σmax

(
1 − R

2

)0.28

(2) 

It can be seen in Fig. 5 that the obtained experimental data for 
ER70S-6 WAAM built specimens from this study fall ahead of the C1 
design curve from the DNV standard for horizontal specimens above 
10,000 cycles, and for vertical specimens above 39,500 cycles, indi-
cating that with the exception of extremely high stress range values the 
DNV recommended C1 design curve provides a conservative estimate of 
the fatigue life in ER70S-6 WAAM built specimens. Having said that, it 
can be seen that the slopes for the experimental S-N curves are lower 
compared with the standard curve. 

Along with the C1 S-N fatigue design curve provided by DNV stan-
dard, the 50% uniaxial fatigue failure bands (i.e. mean curves) for 
ER70S-6 WAAM built specimens were also compared with a series of S-N 
curves obtained from S355 wrought steel specimens. S355 structural 
steel is commonly used in offshore structure and marine renewable 
energy applications, hence the results were compared with this material 
to assess the suitability of WAAM built steel structure for offshore ap-
plications [28,29]. Large dog bone S355 specimens tested at R = 0.1 by 
Anandavijayan et al.[23], smaller flat dog bone specimens assessed at R 
= -1 by Corigliano et al.[30], cylindrical specimens tested at R = 0.01 by 
Dantas et al.[31], and at R = -1 by Aeran et al.[32], fillet welded 
cruciform specimens examined at R = 0 by Berto et al.[33], and S-N 
curves for wrought C40 carbon steel cylindrical specimens generated at 
R = -1 by Atzori et al.[34] were considered for comparison with the 
results obtained from the present study. Moreover, the uniaxial fatigue 
data available on ER70S-6 WAAM built flat dog bone specimens tested at 
R = 0.1 by Dirisu et al.[17] and G3Si1 WAAM as built flat dog bone 
specimens (with rough surface) tested at R = 0.1 for two different 
specimen designs by Bartsch et al.[6] were used for comparison pur-
poses. All experimental uniaxial data from the literature are summarised 
and presented in Fig. 6 (a) as effective stress versus number of cycles. 

Comparison of the obtained data from the present study with the S-N 
curves literature data on S355 steel specimens reveals that the uniaxial 
data for ER70S-6 WAAM built specimens overlap with the upper bound 
for the S355 cloud, suggesting generally higher fatigue life compared to 
the wrought material. The direct comparison with the results on S355 

Fig. 4. Comparison of all experimental data for ER70S-6 WAAM specimens 
under different fatigue load types. 

Fig. 5. Comparison of uniaxial fatigue data for ER70S-6 WAAM specimens with 
the DNV C1 standard. 
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specimens with similar design and tested with the same stress ratio R =
0.01 [31] demonstrates that the higher fatigue life was exhibited in 
WAAM specimens, where S355 S-N curve has similar slope with the 
vertical WAAM specimens. It can be seen in Fig. 6 (a) that a different 
specimen design from an independent study on ER70S-6 WAAM speci-
mens tested under different loading conditions [17] resulted in S-N 
curve slightly below the horizontal and vertical curves obtained from 
this study, confirming the general trend for the WAAM specimens made 
with ER70S-6 steel and highlighting the sensitivity to the test frequency 
and specimen design. The above observations lead to a conclusion that 
ER70S-6 steel parts produced by means of WAAM technology can be 
considered for manufacturing or repair of offshore structures and an 
alternative to conventional structural steels and manufacturing 
technologies. 

Due to the limited data available on torsion and multiaxial fatigue for 
steels in the literature, only a few curves were found and presented for 
comparison with the experimental data from this study in Fig. 6 (b) and 
(c), data is also presented as effective stress versus number of cycles. One 

source presents the behaviour of cylindrical C40 carbon steel specimens 
tested with loading ratio of R = -1 for torsion and R = 0 for multiaxial 
tests by Atzori et al.[34], and another source covers cylindrical 
39NiCrMo3 steel specimens examined under R = -1 by Berto et al.[35] 
Additional data set was found and displayed for multiaxial fatigue 
comparison on wrought cylindrical S355 specimens tested under R =
0.01[31], hence valid for the direct comparison with the data obtained 
from the present study. For presented multiaxial fatigue data a biaxiality 
ratio was λ = 1, with in phase loading angle Ф = 00. It can be seen in 
Fig. 6 (b) that the torsion fatigue trends for WAAM ER70S-6 specimens 
fall close to the 39NiCrMo3 steel specimens, and above C40 carbon steel. 
With regards to multiaxial fatigue behaviour, the results for WAAM 
tested specimens in Fig. 6 (c) are above those obtained for C40 carbon 
steel specimens with shallower slope, but lower than S355 and 
39NiCrMo3 steel. The slope for S355 specimens is similar to the data 
obtained from this study, and the data set falls slightly above the ER70S- 
6 WAAM built specimens data, suggesting similar but slightly higher 
fatigue life under multiaxial loading in S355 specimens. 

4.3. Fractography analysis 

The microstructural investigation by means of SEM showed an 
almost defect-free material in all ER70S-6 WAAM built specimens with 
some occasional defects with dimensions of less than 30 μm. The frac-
tography analysis was performed on fatigue tested specimens to examine 
differences in failure mechanisms in specimens with different orienta-
tions under different types of fatigue loading condition (uniaxial, torsion 
and multiaxial). Examples of fracture surfaces obtained from uniaxial 
fatigue tests under 480 MPa are shown in Fig. 7 (a) for vertical and Fig. 7 
(b) for horizontal ER70S-6 WAAM built specimens. Four distinct crack 
growth stages are indicated in both figures, starting with the crack 
initiation in area 1, crack growth in area 2 (where white arrows show the 
direction of the crack growth propagation), and ductile failure in region 
3 due to unstable fatigue crack growth, followed by the ductile failure in 
region 4 due to fast fracture. The presented fracture surface for the 
horizontal specimen consists of two crack initiation sites (Fig. 7 (b)), in 
which cracks started simultaneously in two parallel planes and subse-
quently merged into one in the crack growth area 2. In both cases the 
crack nucleated from the surface irregularities. In the crack growth re-
gion for both vertical and horizontal specimens the fatigue striations can 
be observed, which are perpendicular to the crack growth plane (marked 
with yellow arrows). Also observed in the figures are the elongated 
fracture features parallel to the crack growth direction (shown in yellow 
dashed lines). The fracture surface in regions 1 and 2 for the vertical 
specimens indicates shallower ductile features, whereas the fracture 
surface of horizontal specimen in the same regions exhibits deeper 
dimples. This is in good agreement with slightly higher ductility of the 
horizontal specimens. Lastly, it can be observed that even though both 
specimens were tested under the same loading condition uniaxial fatigue 
load, the areas for first three crack growth stages 1–3 are larger for the 
vertical specimen, which resulted in longer performance of the specimen 
under this load level. The shorter fatigue life of the horizontal specimen 
in this case can also be affected by two independent crack planes 
contributing to the final failure of the specimen. 

The failure surfaces of vertical and horizontal specimens tested under 
448 MPa torsion fatigue load are shown in Fig. 8 (a) and (b), respec-
tively. It can be seen in this figure that the outer diameter of the fracture 
surface is flat in both specimens, suggesting the contact of the two faces 
of initiated crack under mode III loading condition in these test speci-
mens. The larger area of fracture surface in both cases indicates the 
evidence of abrasion, demolishing all fracture features under out-of- 
plane shear, by rubbing the fracture surfaces against each other. Only 
18% of the fracture surface of vertical specimen and 28.5% of horizontal 
specimens retained fatigue fracture features. This was also reflected in 
exhibited number of cycles, which is 1.6 times higher for the vertical 
specimen compared to the horizontal specimen. The remaining fatigue 

Fig. 6. Comparison of the obtained fatigue data from ER70S-6 WAAM speci-
mens with the literature data on: (a) uniaxial, (b) torsion and (c) multiaxial 
fatigue tests. 
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fracture area is due to the final specimen failure under mode I fracture 
mechanics condition, resulting in cascade of several fatigue fracture 
planes with visible boundaries of ductile fracture between them (marked 
with white arrows), which is also referred to as ‘factory roof’ 
morphology[35,36]. The ductile cup and cone features are more pro-
nounced for horizontally oriented specimen, which failed at lower 
number of cycles. Fatigue striations can be observed on the fracture 
surface of both specimens and highlighted with yellow arrows. Although 
the abrasion of crack planes eliminated some of the fracture features 
under torsion loading, by comparing fracture surfaces of the specimens 
tested under uniaxial and torsion fatigue it can be seen that the surface 
area after uniaxial testing is approximately two times smaller, due to 
ductile elongation of the specimen under pure mode I fracture me-
chanics condition. 

Fracture surfaces of the specimens tested under multiaxial fatigue 
load of 300 MPa are shown in Fig. 9 (a) for vertical and (b) for horizontal 
specimens. Comparable features of ‘factory roof’ can be observed on 
both specimen surfaces, which are located in central part of the fracture 
area and indicated as region A. Similar to the fracture surfaces after 
torsion fatigue failure a considerable proportion (40–45%) of the two 
broken specimens has been found to be flat and consists of evidence of 
wear and abrasion, suggesting mode III fracture mechanics condition in 
region B. In this area two main fatigue features were observed and 
marked with yellow arrows: 1 – fatigue striations, and 2 – colonies of flat 
‘fish-bone’ features indicating large striations near the specimen surface 
and parallel to it. The remaining cone surface is corresponding to the fast 
fracture which is shown as region C. As expected, due to combination of 
tension and torsion loading conditions the fracture surface area after 

Fig. 7. Fracture surface of ER70S-6 WAAM built specimens tested under uniaxial loading condition (a) for vertical, and (b) for horizontal specimens, presenting crack 
initiation region (1), crack propagation region (2), and ductile fracture region (3), and fast fracture region (4). 
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multiaxial fatigue testing is larger than for pure uniaxial load (on 
average by 35%) and smaller than for pure torsion load (on average by 
23%). 

5. Conclusions 

Fatigue tests were conducted on sixty ER70S-6 WAAM built speci-
mens to examine the uniaxial, torsion and multiaxial fatigue properties. 
Specimens were extracted from the WAAM walls in two distinct orien-
tations: vertical and horizontal. The main conclusions and observations 
from this study are summarised below:  

• Sensitivity of the fatigue results to the specimen orientation was 
observed during this study. Higher fatigue strength was found for 
vertical specimens tested under uniaxial load, however, under tor-
sion and multiaxial load, the horizontal specimens exhibited higher 
fatigue strength.  

• The difference between fatigue strength for specimens with different 
orientations dropped for results obtained from torsion fatigue tests 

and further reduced for multiaxial fatigue compared with uniaxial 
test results. 

• The S-N data show that material with the higher yield stress (hori-
zontal orientation) exhibited lower fatigue life. The yield stress of 
vertical specimens is 16% lower than the uniaxial fatigue strength.  

• Comparison of the obtained fatigue data for ER70S-6 WAAM built 
specimens with the existing fatigue data on structural steels in the 
literature revealed that the S-N data from this study overlap with the 
upper bound of the fatigue results for wrought S355 steel.  

• The S-N fatigue data from this study exhibited a higher trend 
compared to the recommended DNV C1 design curve. This suggests 
that the tested material and WAAM technique can be considered to 
be used for fabrication of offshore structures. 

• Analysis of the fatigue data on torsion and multiaxial fatigue avail-
able in the literature demonstrated similar trends with C40 carbon 
steel and S355 steel.  

• Fracture surfaces of six specimens (two orientations for each fatigue 
load type) were analysed with SEM and fracture mechanisms and 
features were compared for different types of loading. The WAAM 

Fig. 8. Fracture surface of ER70S-6 WAAM built specimens tested under torsion loading condition (a) for vertical, and (b) for horizontal specimens.  
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built material employed in this study was found to be almost defect- 
free with some minor defects of smaller than 30 μm. 
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