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ABSTRACT
The very high cycle fatigue behavior of S275J2+N flux-core arc welded joints was investigated using the ultrasonic fatigue test-
ing method at a loading frequency of 20 kHz. A bespoke specimen design featuring the weld toe was employed to more suitably 
represent in-service welded joints than typical ultrasonic fatigue testing specimens. This revealed that fracture occurs above 10 
million cycles, beyond the classically accepted fatigue limit. Additionally, comparative fatigue tests were performed at 10 Hz to 
investigate the frequency effect on the fatigue behavior. A 35% increase in fatigue strength was measured at 20 kHz when com-
pared to 10 Hz, indicating that a correction must be considered in the use of ultrasonic fatigue testing data for design purposes. 
Fracture surfaces for both test frequencies showed similar morphologies and typical characteristics for fatigue failures of ductile 
metals.

1   |   Introduction

The fatigue behavior of welded joints is a critical concern in 
structural integrity assessments of cyclically loaded structures 
as they are often the site of initiation and propagation of fatigue 
cracks [1]. The presence of local stress concentration regions, de-
fects, inhomogeneous microstructures and residual stresses has 
a significant influence on the fatigue behavior of welds [2–4]. 
Currently, the design life of welded joints surpasses 10 million 
cycles, reaching the very high cycle fatigue (VHCF) domain 
across a range of applications, such as civil infrastructure, min-
eral processing equipment and offshore wind turbine monopiles 
[5, 6]. Performing laboratory-based VHCF testing programs 
using conventional fatigue testing (< 200 Hz loading frequency) 
is prohibitively expensive and time consuming; therefore, the 
ultrasonic fatigue testing (UFT) method has emerged to address 
this challenge [7]. UFT typically employs a 20 kHz loading fre-
quency, which allows for 1 billion stress cycles to be achieved 
in 14 h [8], enabling the VHCF behavior of welds to be studied. 

Despite this, there is no consensus in international standards 
for the course of the S-N curve for welded joints in the VHCF 
regime. For example, S-N curves in BS7608:2014 [9] incorporate 
a fatigue limit at 10 million stress cycles whereas the IIW rec-
ommendations [10] define a knee point in the S-N curve, but no 
fatigue limit.

A recently published comprehensive review on the VHCF char-
acteristics of welds concluded that no fatigue limit exists earlier 
than 107 cycles and that the VHCF strength of welded joints is 
significantly reduced compared to the parent material (PM) [11]. 
Weldments of structural steels have garnered research interest as 
they are employed in applications where VHCF is experienced, 
for example bridges [12] and mining equipment [13]. The VHCF 
behavior of EH36 marine grade steel welds joined using flux-core 
arc welding (FCAW) was investigated by Zhao et al. [14]. Failures 
above 1 billion stress cycles were recorded and such, no fatigue 
limit was determined. He et al. [15] examined the VHCF properties 
of various weld zones of Q345 structural steel joined using shielded 
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metal arc welding. It was found that the fusion zone (FZ) had the 
lowest fatigue life due to crack initiation from welding defects [15].

Various specimen types are employed for UFT of steel welds, in-
cluding cylindrical hourglass and dog-bone shaped specimens 
[14–22], which do not include the weld toe or root features. For 
these specimens, welding defects such as inclusions and gas pores 
are often identified as the points of crack initiation in the VHCF 
regime [14–21]. However, alternative specimen designs, which 
feature the weld toe characteristically show crack initiation at this 
location [23–25]. These specimens are more relevant to in-service 
welded structures, where fatigue cracks typically initiate from 
the weld toe or root as a result of the local stress concentrations 
[26–28]. The significance of the fatigue behaviors of these regions 
under cyclic loading are highlighted by fatigue assessment meth-
ods, which consider the local stresses at these points, such as the 
structural hot spot or notch stress approaches [10].

Structural steels exhibit a “frequency effect”, i.e. an elevated fa-
tigue strength when tested at ultrasonic frequencies [29]. The ma-
terial properties of body centered cubic crystal phases, e.g. ferrite, 
show a sensitivity to the applied strain rate [30]. Above a transition 
strain rate of approx. 1–10 s−1

, there is a change in both the disloca-
tion mobility and fatigue crack initiation mechanism, which result 
in a fatigue strength increase [30]. The test frequency at which this 
transition strain rate occurs is assumed to be between conven-
tional and ultrasonic frequencies [30]. The frequency effect must 
be considered when interpreting UFT data as in-service loads are 
often below the transition strain rate; for example, mining equip-
ment typically vibrates between 12.5 and 25 Hz [13]. A significant 
frequency effect has been demonstrated for a range of structural 
steels, such as S355J0, which exhibited an approx. 55% rise in fa-
tigue strength at 107 cycles when tested at 20 kHz in comparison 

to 20 Hz [31]. Guennec et  al. [32] introduced a frequency effect 
model for low, medium and high carbon steels. The model, which 
estimates the fatigue endurance based on the steel's yield strength, 
wt.% C and loading frequency, was verified by experimental data 
for carbon steels with a range of wt.% C. The severity of the fre-
quency effect was shown to increase as the wt.% C decreased [32]. 
The influence of microstructure on the frequency effect in C15E 
low carbon steel was investigated by Bach et al. [33]. The annealed 
condition (ferritic-pearlitic microstructure) and quenched con-
dition (bainitic microstructure) of the steel were assessed. The 
frequency effect was significant in the annealed condition, but 
insignificant in the quenched condition. Therefore, it was estab-
lished that microstructure, and consequently heat treatment, has a 
pronounced impact on the frequency effect for steels with identical 
chemical composition [33], hence must be investigated for welded 
joints. Zhu et al. [16] performed the only research to date concern-
ing the frequency effect of welds. 25Cr2Ni2MoV steel submerged 
arc welds were tested at conventional (110 Hz) and ultrasonic 
loading frequencies (20 kHz). The percentage increase in fatigue 
strength using UFT was 30% at 105 cycles, increasing to 75% at 
108 cycles [16].

In the present research, the VHCF characteristics of S275J2+N 
flux-core arc welded joints is investigated using UFT. 
Comparative tests are performed using conventional fatigue 
testing to examine the frequency effect of low carbon steel 
welds, a previously unexplored research area. Both fatigue test-
ing programs employ the same specimen design as previously 
proposed elsewhere [34], which features the weld toe within the 
gauge section, thereby allowing for the investigation of the fa-
tigue behavior of as-welded joints.

2   |   Materials and Experimental Procedures

2.1   |   Materials and Welding Method

The material examined in this research was S275J2+N non-
alloyed structural steel, as per EN 10025-2 [35]. All specimens 
were manufactured from a 12 mm thick hot rolled plate. The 
FCAW method was used with a 1.2 mm diameter Nippon Steel 
SF-1A wire, conforming with the E71T-1M classification in ac-
cordance with AWS A5.20 [36]. The nominal chemical composi-
tion and mechanical properties of the PM and as-deposited filler 
material are shown in Tables 1 and 2, respectively.

The 12 mm thick S275J2+N plates were milled to the required 
profile and reduced in thickness to 3 mm with a square edge 
preparation. A semi-automated rig was employed for welding 
to ensure the contact-tip-to-work distance (CTWD) and travel 
speed were consistent. A double-sided weld was used with iden-
tical parameters for each pass (Table  3), determined from an 

TABLE 1    |    Chemical composition of parent and as-deposited filler 
materials (wt%).

C Si Mn P S Cu

S275J2+N 0.18 0.20 0.96 0.016 0.007 0.02

E71T-1M 0.05 0.41 1.36 0.010 0.008 0.26

TABLE 2    |    Mechanical properties of parent and as-deposited filler materials.

Yield strength (MPa) Tensile strength (MPa) Elongation (%)
Charpy V-notch impact 
toughness at −20 °C (J)

S275J2+N 332 480 29 137

E71T-1M 530 590 28 95

Summary
•	 The very high cycle fatigue behavior of as-welded struc-

tural steel was investigated.

•	 Specimens failed from cracks initiating at the weld toe.

•	 A significant frequency effect was found using conven-
tional fatigue testing.
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extensive series of test welds. A protective shielding gas with 
composition 80% Ar/20% CO2 was used.

2.2   |   Microstructural Characterization 
and Mechanical Testing

Metallographic samples were transversely extracted from each 
weld to characterize the microstructure of the different weld zones 
and identify any possible defects. The standard metallography 
preparation procedure was performed on specimens, concluding 
with etching in a 2% Nital solution. An Olympus GX51 light opti-
cal microscope was used for microstructural characterization. A 
detailed Vickers microhardness map encompassing all weld zones 
was constructed using a Qness 60A+ automated tester, using a 
0.5 kgf load and 10 s dwell time. Microhardness measurements 
were performed in accordance with ASTM E92-23 [37] with a grid 
spacing of 0.25 mm × 0.25 mm. Transverse tensile tests were com-
pleted using an Instron 8802 servohydraulic testing system with 
specimens identical to those used for conventional fatigue testing, 
as shown in Figure  1b. Two metallographic specimens and one 
tensile specimen were extracted from each weld, resulting in eight 
and four being tested, respectively.

2.3   |   Fatigue Specimen Design

A novel approach was used to feature an as-welded butt joint 
within the gauge section of the specimen. Therefore, the cy-
lindrical hourglass or cylindrical dog-bone shaped specimens 
frequently employed for UFT [19, 20] could not be used. The 
non-standard specimen geometry necessitated the use of lin-
ear elastic modal finite element analysis (FEA) to determine 
the dimensions required to resonate at 20 kHz. Analyses 
were performed using Abaqus FEA software, assuming 

standard structural steel elastic properties (Young's modulus, 
E = 210 GPa, Poisson's ratio, ν = 0.3, density, ρ = 7850 kg/m3) 
[38]. A fine mesh with 67,880, eight-node linear brick elements 
(type C3D8) was used for both modal and harmonic analy-
ses. The specimen dimensions T1, T2, and L2 were defined as 
shown in Figure 1, and the dimensions of the weld bead were 
implemented in the FEA model. The shoulder length (L1) was 
iteratively altered until a resonant frequency of 20 kHz was 
achieved, as shown in Figure 2a.

A specimen vibrating at its resonant frequency in the elastic de-
formation regime exhibits a linear proportionality of the specimen 
vibration amplitude and the stress amplitude [39]. The stress am-
plitude considered in this case was the nominal stress amplitude, 
i.e. neglecting the weld toe's notch effect. Harmonic analyses were 
performed over a range of specimen end amplitudes (10–50 μm) 
at a frequency of 20 kHz from which a proportionality constant 
ks = 11.40 MPa/μm was established for programming the UFT 
machine. The stress distribution for a specimen end amplitude of 
10 μm is shown in Figure 2b. Conventional fatigue specimens were 
designed with identical gauge sections to eliminate any contribu-
tion from the size effect [40] on fatigue behavior.

All testing was performed in the as-welded condition, i.e. no 
heat treatment or grinding of the weld toe were applied. The 
specimens' sides were ground longitudinally with progressively 
finer grit abrasive papers, up to 2400 grit. An average roughness 
Ra < 0.2 μm [41] was verified using a Mitutoyo surface roughness 
machine.

2.4   |   Ultrasonic Fatigue Testing Details

UFT was performed at ambient temperature using a Shimadzu 
USF-2000A testing machine at a frequency of 20 ± 0.05 kHz 

TABLE 3    |    Process parameters used for FCAW.

Current (A) Voltage (V) Travel speed (mm/min) CTWD (mm) Gas flow rate (L/min) Root gap (mm)

102–110 21.5–21.9 300 15 16 1.5

FIGURE 1    |    Dimensions of fatigue specimens, all dimensions in mm (thickness 10 ± 0.1 mm): (a) UFT specimen; (b) tensile and conventional fa-
tigue testing specimen.
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and a stress ratio R = −1. Calibration of the UFT system was 
performed pre-testing using a dummy specimen. Compressed 
dried air and intermittent driving were used to maintain a sur-
face temperature less than 30 °C, as required by WES 1112 [29]. 
A constant loading period of 110 ms was used with a variable 
dwell period ranging from 100 ms to 2000 ms, depending on the 
stress amplitude applied. An infrared thermometer was used to 
continuously measure the specimen surface temperature during 
testing, which was spray painted matte black to increase the sur-
face emissivity [42].

Tests were terminated if either the crack detection feature of 
the UFT system was triggered or after 5 × 109 loading cycles 
had been applied. The crack detection feature continually 
monitors the test frequency, as a change in this indicates the 
presence of a significant fatigue crack [15]. The specimens 
in which a crack was detected were then fully fractured by 
monotonic loading. A Hitachi S3700-N scanning electron mi-
croscope (SEM) was used in conjunction with a digital camera 
with a macro lens for fracture surface analysis. Additionally, 
one specimen per stress amplitude was subjected to metallo-
graphic preparation to characterize the microstructure of the 
weld regions where fatigue crack initiation and propagation 
occurred. A total of 18 ultrasonic fatigue tests were performed 
to characterize the HCF and VHCF behavior of the welded 
joints.

2.5   |   Conventional Fatigue Testing

An Instron 8802 servo-hydraulic fatigue testing system was 
used for conventional fatigue tests, in a load controlled mode. 
Tests were performed at ambient temperature in laboratory 
air. A testing frequency of 10 Hz was employed for tensile-
tensile (R = 0.1) cyclic loading and specimen cooling was not 
required due to the lower test frequency. Tests were terminated 
when specimens completely fractured, or after 2.5 × 106 cycles 
had been applied. Fracture surface analysis was performed in 
the same methods as with UFT and 13 specimens were tested 
in total.

3   |   Results

3.1   |   Microstructural Characterization

A representative macrograph of the welded joint's cross-section 
is displayed in Figure 3a. The parent material (Figure 3b) con-
sisted of a high volume fraction of equiaxed ferrite in addition 
to smaller pearlite grains. Ferrite-pearlite banding can be ob-
served, a common occurrence in hot rolled non-alloyed steels 
[43, 44]. The fine-grained heat affected zone (HAZ) (Figure 3c), 
exhibited smaller ferrite grain sizes than the PM. Additionally, 
the prior ferrite colonies have decomposed into much finer 
pearlite and ferrite grains upon cooling. The coarse-grained 
HAZ (Figure 3d) consisted of both acicular ferrite and bainite 
as a result of the high cooling rate experienced in this region. 
The FZ presented a predominately fine-grained ferrite micro-
structure (Figure 3e), due to the low carbon content of the filler 
wire used (0.05 wt% C). No identifiable defects, e.g. porosity or 
incomplete fusion, were observed.

3.2   |   Hardness Distribution

As shown in Figure  4, the sample's hardness demonstrated a 
heterogeneous distribution across the weld, a consequence of 
the varied grain sizes and microstructures observed. The re-
gion with the lowest hardness was the PM due to the relatively 
large ferrite grain size. The HAZ exhibited increased hardness 
compared to the PM, due to the identified grain refinement 
(Figure  3c). The peak hardness was recorded in the coarse-
grained HAZ, attributed to the microstructure of acicular ferrite 
and bainite. The hardness distribution across the FZ is relatively 
constant at approx. 200 HV, consistent with previous studies on 
low carbon steel welds [14, 15].

3.3   |   Tensile Testing

All tensile test samples failed in a ductile mode in the PM, ver-
ifying the high static strength of the weld. Transverse tensile 

FIGURE 2    |    Specimen design FEA: (a) resonant mode of vibration at 20 kHz; (b) stress amplitude for 10 μm end displacement at excitation frequen-
cy of 20 kHz. [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3    |    Microstructure of S275J2+N weld: (a) macrograph showing weld regions [×50, etched]; (b) PM [×500, etched]; (c) fine-grained HAZ 
[×500, etched]; (d) coarse-grained HAZ [×500, etched]; (e) FZ [×500, etched]. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4    |    Vickers microhardness map of welded joint. [Colour figure can be viewed at wileyonlinelibrary.com]
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tests are extensively used in industry to evaluate the strength of 
welds, with failure in the PM qualifying the weld [45]. The av-
erage yield strength and tensile strength recorded were 320 MPa 
and 507 MPa, respectively, which both comply with the standard 
EN 10025-2 [35] for S275J2+N.

3.4   |   Ultrasonic Fatigue Testing

3.4.1   |   S-N Curves

Figure 5 displays the UFT results and associated mean and de-
sign S-N curves. The maximum applied stress varied from 70% 
to 35% of the yield strength of the PM, and failures were recorded 
between 2.21 × 105 to 8.25 × 108 cycles. Generally, the number of 
cycles to failure increased as the applied stress decreased. The 
bilinear S-N curve was constructed by splitting the data into 
high cycle fatigue (HCF) and VHCF data sets, using a threshold 
of 107 cycles. Each of these regions were then fit to the standard 
form of the S-N curve using least squares regression [10]. The 
HCF and VHCF S-N curves were extended to an intercept point 
at approx. 9.74 × 106 cycles. Design S-N curves were also derived 
for a 95% survival probability [10], with the parameters given in 
Table 4.

The mean S-N curve shows a continuous decrease in both 
HCF and VHCF regimes, with a shallower slope in the VHCF 
regime. The values of the S-N curve's slope in the HCF regime 
(m = 6.9) and VHCF regime (m′ = 51) are similar to those pro-
posed by Baumgartner et al. [46] at m = 5 and m′ = 45. The ex-
istence of a knee point at the transition from HCF to VHCF 
is also observed by other researchers [14, 24] and is included 
in the IIW recommendations [10]. No distinct fatigue limit 
was observed for the welded joint, with fatigue failures occur-
ring at a maximum of 8.25 × 108 cycles at a stress amplitude of 
114 MPa. This further adds to the general trend observed that 
a constant amplitude fatigue limit does not occur at less than 
107 cycles, as conventionally assumed [11]. Two runout spec-
imens, which did not fail after 5 × 109 cycles were recorded 
for stress amplitudes of 128 MPa and 114 MPa. The results 
show scatter with variation in fatigue life at the same stress 

amplitude, a result aligning with previous research for both 
non-welded and welded steels [14, 15, 47, 48].

3.4.2   |   Fatigue Crack Path Analysis

All failed specimens exhibited fatigue cracks initiating from the 
weld toe, with a representative example shown in Figure 6. A 
single significant fatigue crack was typically observed on the 
specimen surface after UFT was terminated (Figure 6a). It was 
identified that there was an equal probability of the crack initiat-
ing at either the first or second weld pass. Only one specimen ex-
hibited fatigue cracking from multiple weld toes (σa = 192 MPa, 
Nf = 1.39 × 106). No fatigue cracks were observed in the PM re-
gion for any tests.

It is generally observed that fatigue cracks propagate perpen-
dicular to the loading direction in a homogenous material 
[49]; however, the fatigue cracks observed in the welded spec-
imens were generally at an angle slightly inclined to perpen-
dicular (approx. 100–150). Previous research has indicated that 
this behavior is characteristic of crack propagation in the HAZ 
[28]. Additionally, the direction of crack propagation was gen-
erally towards the coarse-grained HAZ (Figure 6b). This be-
havior can be explained by the findings of Nishikawa et  al. 
[50], who revealed that the coarse-grained HAZ had a greater 
fatigue crack growth rate compared to the fine-grained HAZ 

FIGURE 5    |    UFT results and S-N curves.

TABLE 4    |    S-N curve parameters for ultrasonic and mean stress 
corrected conventional fatigue testing results.

S-N curve Regime C m

20 kHz mean HCF 4.16 × 1021 6.89

VHCF 2.91 × 10115 51.0

20 kHz design HCF 8.86 × 1020 6.89

VHCF 4.00 × 10111 51.0

10 Hz mean HCF 1.55 × 1021 7.07

10 Hz design HCF 1.01 × 1021 7.07
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for a low carbon steel weld. A further publication from the 
same research group [51] found that the coarse-grained HAZ 
demonstrated a lower VHCF strength than the fine-grained 
region. Therefore, it was determined that the coarse-grained 
HAZ presented the path of least resistance for fatigue crack 
propagation in the tested welds.

3.4.3   |   Fractography

Fracture surface analysis was employed for characterization 
of the fatigue crack initiation sites and propagation surfaces of 
the failed specimens. Two different but recurrent fracture sur-
face morphologies were observed for failed UFT specimens, 
for which representative examples are displayed in Figure  7. 
Specimens tested at a greater stress amplitude consistently ex-
hibited semi-elliptical cracks that spanned the full width of the 
specimen (Figure 7a). In contrast, specimens tested at lower ap-
plied stresses, which failed in the VHCF regime, demonstrated 
fatigue cracks through the entire specimen thickness at one edge 

(Figure 7b). The ductile failure region was identified by dimples 
and microvoids, and was a result of the monotonic loading used 
to separate the specimens.

The displacement control method employed in UFT requires a 
linear relationship between the vibration amplitude and stress 
amplitude [39]. This relationship relies on the assumption of elas-
tic material behavior; consequently, it must be verified through 
fractography that excessive bulk plastic deformation has not 
occurred during fatigue loading, as described by Swacha and 
Lipski [39]. The specimens' crack propagation region revealed 
no indications of significant plastic deformation, e.g. necking or 
dimples, and therefore it was verified that the assumption of a 
direct proportionality between vibration amplitude and stress 
amplitude was valid.

It was revealed using SEM that all cracks initiated from the 
specimen surface at the weld toe, as shown in Figure  8. The 
crack growth direction was then found to be radial, outwards 
from the initiation point, as demonstrated by river marks on the 

FIGURE 6    |    Representative fatigue fracture location (σa = 160 MPa, Nf = 9.17 × 105 cycles): (a) fatigue crack after termination of UFT [×50]; (b) 
complete fracture after monotonic loading [×50, etched]. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 7    |    Fracture surfaces of UFT specimens: (a) HCF failure (σa = 192 MPa, Nf = 1.36 × 106 cycles); (b) VHCF failure (σa = 114 MPa, 
Nf = 5.37 × 108 cycles). [Colour figure can be viewed at wileyonlinelibrary.com]
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propagation surface. The presence of river marks also indicated 
a transgranular crack growth mechanism [52]. HCF fracture 
surfaces typically displayed ratchet marks, indicating multiple 
crack origin sites (Figure 8a). This observation is typical of fa-
tigue failures resulting from relatively high applied stresses [53]. 
Figure 8b displays a crack initiation point from a minor under-
cut, illustrating the importance of weld quality for structural 

integrity of joints. The fracture surfaces of VHCF failures typ-
ically only displayed single sites of crack initiation, as shown in 
Figure 8c,d. Fatigue striations orientated approximately perpen-
dicular to the crack growth direction were observed at various 
locations on the fracture surfaces under high magnification, as 
shown in Figure 8e. The relative smoothness of these compared 
to typical, well defined striations, is a result of the low R ratio 

FIGURE 8    |    SEM micrographs of fracture surfaces of UFT specimens (white arrows indicate direction of crack propagation): (a, b) HCF failure 
(σa = 160 MPa, Nf = 3.96 × 106 cycles); (c, d, e, f) VHCF failure (σa = 114 MPa, Nf = 5.37 × 108 cycles).
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and applied stress [54]. Secondary cracking was infrequently 
identified on fracture surfaces; an example of this is given in 
Figure 8f. Overall, fracture surfaces displayed typical features 
of ductile fatigue failures.

3.5   |   Conventional Fatigue Testing

3.5.1   |   S-N Curves

The conventional fatigue testing results and associated S-N curves 
are shown in Figure  9. Failed specimens were fitted to a single 
slope S-N curve, as the conventional test method only allowed the 
behavior in the HCF regime to be investigated. Tests with max-
imum stresses equivalent to 90% to 70% of the yield strength of 
the PM resulted in failures between 2.31 × 105 and 1.54 × 106 cycles. 
Crack initiation solely occurred at the weld toe, identical to obser-
vations from failed UFT specimens. Relatively low variation was 
observed in tests at 90% and 80% of the yield strength, with a simi-
lar number of cycles to failure recorded across different specimens 
tested at the same stress amplitude. In contrast, the results at the 
lowest stress amplitude displayed a greater scatter, with two frac-
tured specimens and three runout specimens recorded. The gradi-
ent of the conventional fatigue testing S-N curve is similar to that 
found using UFT at m = 7.1. A fatigue limit at approx. 2 × 106 was 
noted for structural steel butt welds by Schaumann and Steppeler 
[55], which is similar to this research.

3.5.2   |   Fractography

Typical fracture surfaces from conventional fatigue specimens 
are presented in Figure 10. The surface morphologies were very 
similar to what was observed for UFT specimens; crack initiation 
occurred at the weld toe and was followed by a relatively feature-
less crack propagation region. One difference between specimens 
tested with the two methods lies in the transition from the prop-
agation surface to the ductile fast fracture one. The termination 
of cyclic loading in UFT due to the frequency change followed by 
monotonic fracture results in a distinct boundary between the two 
regions on the fracture surface (Figure  7). As the conventional 
specimens are cyclically loaded until complete fracture, the bound-
ary is less apparent, although the fast fracture region can still be 
clearly identified. The fatigue crack path of conventional test spec-
imens showed similar characteristics as the UFT specimens.

4   |   Discussion

4.1   |   Assessment of Frequency Effect

The ultrasonic and conventional fatigue tests were carried out 
at R = −1 and R = 0.1, respectively, therefore the mean stress ef-
fect had to be considered to compare results. Mean stress cor-
rection was performed using the FKM guidelines [56] to convert 
the stress amplitude at R = 0.1 to an equivalent damage stress 

FIGURE 9    |    Conventional fatigue testing results and S-N curves. [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10    |    Fracture surfaces of conventional fatigue testing specimens: (a) high stress amplitude specimen (σa = 130 MPa, Nf = 2.42 × 105 cycles); 
(b) low stress amplitude specimen (σa = 101 MPa, Nf = 1.26 × 106 cycles). [Colour figure can be viewed at wileyonlinelibrary.com]
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amplitude at R = −1. The mean stress correction depends on the 
assumed residual stress state in the weld [56]. Previous research 
has indicated that extracting specimens from welded joints sig-
nificantly reduces the residual stress [57, 58]. He et al. [59] mea-
sured residual stresses of very low magnitude (11.1 MPa in the 
transverse direction) in arc welded weathering steel UFT spec-
imens. Thus, the residual stresses in the UFT and conventional 
fatigue specimens were assumed to be similarly low in mag-
nitude due to their small size. A mean stress sensitivity of 0.3 
was used and, as a result, the conventional fatigue testing stress 
amplitudes were divided by a mean stress factor of 0.754. It was 
also verified through FEA that loading at 10 Hz and 20 kHz re-
sulted in the same stress concentration factor at the weld toe. 
The ultrasonic and conventional fatigue testing results, with 
corrected stress amplitude, are plotted in Figure  11 and coef-
ficients of all S-N curves are given in Table 4. The UFT design 
S-N curve lies completely above the conventional fatigue frac-
tures and S-N curves. Therefore, it is evident that using UFT test 
data would lead to un-conservative design of cyclically loaded 
welded structures.

The frequency effect was quantified using the frequency coef-
ficient, F, in line with Zhu et al. [16]. The frequency coefficient 
represents the factor increase in the fatigue strength at 20 kHz 
compared to 10 Hz. The values of the mean S-N curve were used 
for this purpose and, as the slope is almost equivalent over the 
HCF region, a constant value of F = 1.35 was established. This 
value is intrinsically related to the mean stress sensitivity cor-
rection factor used, but there is a significant increase in fatigue 
strength using ultrasonic loading compared to conventional. 
The different failure criteria employed for ultrasonic and con-
ventional methods were regarded to have a negligible influence 
on the fatigue life, due to the fracture surfaces from each test 
method showing similar morphologies. For submerged arc 
welded joints of 25Cr2Ni2MoV alloy steel, Zhu et al. [16] mea-
sured a frequency coefficient, which increased from 1.30 at 
105 cycles, to 1.75 at 108 cycles. The presently studied S275J2+N 
FCAW joints exhibit a similar frequency effect in the HCF re-
gime, however Zhu et al. [16] observed fractures in the PM in 
this regime, which limits comparison of results.

The measured frequency effect of the welded joint was com-
pared with the model introduced by Guennec et al. [32], which 
estimates a fatigue endurance value. The fatigue endurance is 
valid for un-notched PM; therefore, this value could not be used 
for comparison. Instead, a predicted frequency coefficient, FG, 
was calculated using the expected increase in fatigue endurance 
for tests performed at 10 Hz and 20 kHz. For S275J2+N with 
0.18 wt.% C, this was determined to be FG = 1.61. Comparing this 
to the measured frequency sensitivity (F = 1.35), it is evident the 
severity of the frequency effect is reduced for low carbon steel 
welds when compared to that of the PM.

It has been previously identified that one cause of the frequency 
effect is the transition in the fatigue crack initiation mechanism, 
from transgranular at conventional loading frequency to inter-
granular at ultrasonic loading frequency [30]. Yet, in the fatigue 
assessment of welded structures, a common assumption is the 
crack initiation period is negligible compared to the propagation 
period as a result of weld toe flaws [60]. The yield strength of 
low carbon steels has been shown to be dependent to the applied 
strain rate, which would consequently cause the observed fre-
quency effect in the studied welds [61].

Assessing the fatigue behavior of the welded joint in the VHCF 
regime using conventional fatigue testing would enable further 
insight into the frequency effect, however this would be pro-
hibitively time consuming. Employing an intermediate loading 
frequency, e.g. 100 Hz–1000 Hz, should be a focus of future re-
search in this area.

4.2   |   Notch Stress Assessment

The fatigue strength of the welds at each loading frequency was 
assessed with the notch stress method [62]. The S-N curves for 
this approach are based on a range of experimental data for weld 
toe or root initiated failure, therefore allowing for the fatigue 
testing results from the current investigation to be compared. 
A reference radius rref = 0.3 mm was used following the recom-
mendations proposed by Baumgartner et al. [46] for welds of low 

FIGURE 11    |    Comparison of ultrasonic and mean stress corrected conventional fatigue testing results. [Colour figure can be viewed at wileyon-
linelibrary.com]
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thickness (< 10 mm). The maximum local principal stress was 
determined using a linear elastic FEA model with the meshing 
specification outlined by Bruder et al. [63]. From this, a stress 
concentration factor Kt = 2.290 was found. The weld opening 
angle was measured from metallography specimens to be ap-
prox. 145°, thus the FAT 300 design curve was used [46]. This 
design curve is derived for R = 0.5, therefore the FAT value was 
transformed to a damage equivalent stress at R = −1 using the 
FKM guidelines [56]. Additionally, slopes of m = 5 and m′ = 45 
were considered for the HCF and VHCF regimes, respectively, 
following Baumgartner et  al. [46]. The evaluation of the fa-
tigue results following conversion to notch stress is shown in 
Figure 12.

All fatigue failures lie above the IIW design curve in both HCF 
and VHCF regimes. The 10 Hz design curve converges with 
the IIW design curve at around 105 cycles, although no fatigue 
failures were recorded at this lifetime in experiments. The de-
sign curves for the experimental data sets have a decreased 
slope when compared to the IIW design curve and, accord-
ingly, they increasing diverge as the number of cycles increases. 
Consequently, the IIW design curve is conservative compared to 
the experimental data in the VHCF regime.

5   |   Conclusions

In this research, the VHCF behavior and frequency effect of 
FCAW joints of S275J2+N structural steel were investigated 
using the ultrasonic and conventional fatigue testing methods. 
A novel specimen design enabling the assessment of the VHCF 
behavior of as-welded joints was successfully employed using 
UFT. From this, it was demonstrated that the welded joints ex-
hibited multiple fatigue failures in the VHCF regime, in contrast 
to the conventionally assumed fatigue limits. Fatigue failure oc-
curred at a maximum of 8.25 × 108 cycles and no fatigue limit 
was observed. A bilinear S-N curve was fitted to the UFT data 
and displayed a reduced slope in the VHCF regime (m′ = 51) 
compared to the HCF regime (m = 6.9), in agreement with previ-
ous research and the IIW recommendations.

It was confirmed that the cyclic loading frequency has an in-
fluence on the fatigue behavior of structural steel welds. The 
fatigue strength was increased at ultrasonic loading frequency 
when compared to conventional frequency by a factor of 1.35. 
Consequently, the use of UFT data without any consideration 
of the frequency effect will lead to un-conservative design of 
welded steel structures. Additionally, the fatigue behavior of the 
welds was assessed using the notch stress approach and showed 
superior fatigue strength compared to the IIW recommenda-
tions within the VHCF regime.
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