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Abstract: The design life of welded structures and components extends into the very high cycle
fatigue (VHCF) regime across various applications. However, the availability of data on the fatigue
behaviour of welded joints in the VHCF regime is limited, particularly when compared to the
low and high cycle fatigue regimes. The development of ultrasonic fatigue testing equipment has
accelerated fatigue testing and allowed for the VHCF properties of welds to be investigated in a
feasible timeframe. In the present review, the emerging research concerning the VHCF behaviour of
welds of various steels and non-ferrous alloys are individually explored. Overall, it is observed that
welded joints have significantly lower fatigue strength than the base metal in the VHCF regime and
that welding defects have a considerable influence on fatigue strength. Through the discussion of
the relevant literature, important findings concerning the effects of specimen geometry and fatigue
improvement methods are underlined. Furthermore, the guidance provided within design standards
is compared, and some examples of VHCF failures of in-service components are highlighted. Finally,
perspectives on future directions of investigation are put forward with the aim of encouraging further
research in the field of VHCF of welds.
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1. Introduction

Fatigue failure of metals is a challenge faced across almost all industries; it is commonly
estimated that fatigue damage is responsible for 90% of all in-service mechanical failures [1].
Repeated loading at stresses less than the yield strength of the material can lead to the
initiation and propagation of cracks, resulting in a complete fracture [2]. Welded joints are
generally the critical location in the structural integrity assessments of cyclically loaded
components [3]. The fatigue strength of fusion-welded joints is almost always lower than
the corresponding base metal due to several factors [4]. Unless it is removed by machining,
the abrupt change in geometry caused by the weld toe creates a stress concentration
region [5]. The thermal contraction during cooling generates tensile residual stresses of a
magnitude similar to the yield strength of the base metal, significantly reducing the fatigue
strength of the welded joint [6]. Additionally, the inhomogeneous microstructures and
defects commonly found in welded joints make them susceptible to fatigue failure during
service [7].

Fatigue regimes are generally classified by the number of cycles to failure: low cycle
fatigue (LCF) as up to 104 cycles; high cycle fatigue (HCF) as 104 to 107 cycles; and very
high cycle fatigue (VHCF) as over 107 cycles [8]. These fatigue regimes are displayed
schematically in the form of an S–N curve in Figure 1. In the LCF regime, applied stresses
are greater than the yield strength of the material; therefore, significant plastic deformation
occurs in each loading cycle [9]. The HCF regime is generally characterised by stresses
less than the yield strength and purely elastic deformation in each loading cycle [8]. It is
a classical assumption that below a certain constant amplitude stress, fatigue failure will
never occur, a concept known as the fatigue limit [10]. The fatigue limit appears on an S–N
curve as a horizontal asymptote (Figure 1). The existence of a fatigue limit between 106 and
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107 cycles has been proven invalid [11], and subsequently, the VHCF of metals has become
a well-established research field.

Figure 1. Fatigue regime schematic diagram.

Welded structures have service lives in the VHCF regime across a range of applications,
including bridges, automotive components, and heavy industry equipment [12–14]. To
ensure the safe operation of engineering components, machines, and structures, the VHCF
behaviour of welds has become an emerging field of research following the first published
paper on the topic in 2010 [15]. Figure 2 reveals that only a few papers have been published
each year, with a relatively steady interest since 2012. For this review, publications were
gathered from an extensive range of databases, including Scopus, Web of Science, and
Google Scholar.

Figure 2. Number of publications related to the VHCF of welds, 2010–2023.
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The present paper represents the first review of the topic of VHCF of welds, with
the primary aim of acting as a comprehensive introduction to the field. The subjects of
ultrasonic fatigue testing (UFT) and the VHCF of metals are also briefly discussed so
that the main topic can be better understood. This work also serves to encourage further
research in the field of VHCF of welds by identifying crucial knowledge gaps.

2. Ultrasonic Fatigue Testing and Very High Cycle Fatigue of Metals
2.1. The Ultrasonic Fatigue Testing Method

Conducting laboratory-based fatigue testing to the full extent of the VHCF regime in a
realistic and economical timeframe is only feasible using UFT, where the loading frequency
is typically 20 kHz [16]. Achieving 109 loading cycles using a servo-hydraulic fatigue
testing machine at 20 Hz requires over 500 days of continuous loading, but this can be
reduced to just 14 h using UFT [17]. Undertaking resonance fatigue testing at 100 Hz allows
for the early portion of the VHCF regime to be explored; as an illustration, 5 × 107 cycles
can be reached in less than 6 days. Fatigue tests conducted at low frequencies (<150 Hz) will
hereafter be referred to as conventional fatigue tests. The frequency of 20 kHz is used for
UFT as it is outside of the audible range of the human ear, but greater frequencies than this
result in increased cycle counting errors and a reduction in the length of the specimen [18].
It is possible to employ UFT for cyclic bending [19], torsional [20], or multiaxial [21] loading,
but only uniaxial tension-compression loading will be considered in this paper.

UFT machines (Figure 3) use ultrasonic transducers (usually a piezoelectric actuator)
to generate mechanical vibration from an electrical signal [22]. The longitudinal vibration is
then amplified as it is transmitted through the booster and horn to the specimen, typically
attached by threads [22]. Specimens are excited at their natural frequency; therefore, the
maximum stress, but minimum displacement, is experienced at the centre of the specimen.
VHCF tests have been demonstrated with both bespoke UFT apparatuses constructed at
research institutions and equipment from commercial manufacturers [16].

Figure 3. Ultrasonic fatigue testing machine schematic [23] (used under Creative Commons CC-BY license).
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The UFT method was standardised by the Japan Welding Engineering Society in WES
1112 [24]. Within this standard, the procedure for determining dimensions for standard-
shaped specimens, e.g., cylindrical hourglass (Figure 4), is specified. Additionally, aspects
of the test procedure, such as the tolerance of the resonant frequency and the maximum
specimen surface temperature, are detailed [25]. Similar to conventional fatigue testing,
UFT can be used to construct an S–N curve of a particular material by testing multiple
identical specimens at a range of constant amplitude stress levels.

Figure 4. Cylindrical hourglass-shaped ultrasonic fatigue testing specimen showing main dimen-
sions [25] (with permission from John Wiley and Sons, 2023).

It has been reported that the fatigue data obtained using UFT are often not comparable
to that obtained at conventional frequencies, a phenomenon known as the “frequency
effect” [25]. For instance, Bach et al. [26] found a 50% increase in fatigue strength at 20 kHz
compared to 120 Hz for C15E low-carbon steel. A wide-ranging review of the frequency
effect is provided by Hong et al. [27]. The primary cause of the frequency effect is the
sensitivity of flow stress to strain rate for certain crystal lattice structures, especially the
body-centred cubic (BCC) structure [28]. Low-carbon steels, which consist primarily of
ferrite with a BCC structure, exhibit a significant frequency effect [29,30]. Recently, Guennec
et al. [31] proposed a model based on dislocation motion to predict the fatigue limit of
carbon steels, depending on the alloy’s wt.% C and the applied loading frequency. The
model, validated from results from the literature, showed that as the wt.% C reduces,
and consequently, the ferrite grain fraction increases, the severity of the frequency effect
increases [31]. A limitation of the model is that it requires the measurement of the fatigue
limit, the value of which depends on the selection of the number of cycles defined as
a runout, and the number of tests conducted. The frequency effect is not an issue with
high-strength steels, since it has been found to diminish as tensile strength increases [32].
Further, the fatigue strength of metallic materials with a face-centred cubic (FCC) lattice
structure, e.g., stainless steel or aluminium alloys, demonstrates minimal sensitivity to the
loading frequency [27].
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2.2. Fatigue Behaviour of Metals at Very High Cycles

The course of the S–N curve in the VHCF regime has been shown to vary between
different metals. Mughrabi [33] proposed that the VHCF behaviour of metals can be
classified into two different types. “Type I” metallic materials show a relatively little
decrease in fatigue strength in the VHCF domain and generally only fail from cracks
initiated at the specimen surface [33]. Metals that fall under this category are typically
ductile and have homogenous microstructures, for instance, copper alloys and low-carbon
steels [8]. It is more likely to observe a fatigue limit for Type I metals due to the slow decline
in fatigue strength in the VHCF domain [34].

Conversely, the S–N curve of “Type II” metallic materials shows a continuous decrease
in the VHCF domain [33]. The fatigue behaviour of this class of materials is influenced
by the presence of pores, non-metallic inclusions or secondary phases within their mi-
crostructure [8]. A duplex-shaped S–N curve (Figure 5) represents the VHCF behaviour of
Type II materials, examples of which include high-strength steels and titanium alloys [33].
Additionally, aluminium alloys do not typically display a fatigue limit [35].

Figure 5. Typical S–N curve of Type II materials in VHCF domain [36] (with permission from John
Wiley and Sons, 2023).

Fatigue cracks tend to initiate in the VHCF domain from internal inclusions for Type
II metals, as indicated in Figure 5. The surface of internal inclusion-initiated fractures of
Type II metals (Figure 6a) typically shows a distinctive bright region (Figure 6b), known
as the fine granular area (FGA) [37]. The formation mechanisms of FGAs are not fully
understood, but a thorough review of the current models has been put forward by Li
et al. [38]. However, it is agreed that the FGA forms early in cyclic loading and remains
the same approximate size throughout most of the fatigue life [39]. Crack growth occurs
outward from the FGA to form the fish-eye propagation zone, which is characteristic of
VHCF fracture surfaces [40].
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Figure 6. VHCF fracture surface of Inconel 625: (a) fish-eye zone; (b) inclusions and fine granular
area [40] (used under Creative Commons CC-BY license).

3. Very High Cycle Fatigue Performance of Welds

Investigating the VHCF performance of welded joints of metals has become feasible
due to the maturity of the UFT method. Compared to the testing of unwelded metals, the
study of welded joints is less explored, although there are a limited number of published
papers concerning this subject area. This section will summarise the research conducted
concerning the VHCF properties of welded joints, categorised by material type.

3.1. Low-Carbon Steels

Low-carbon steels are typically categorised as Type I materials, showing a low decrease
in fatigue strength in the VHCF domain due to their homogenous microstructure and
ductility [8,33]. However, welded joints of low-carbon steels cannot be assumed to be
Type I materials. This is because they frequently contain inclusions and pores that are
characteristic of Type II materials, which exhibit a significant reduction in fatigue strength
in the VHCF regime [7,8].

Weldments of low-carbon steel are commonly used in applications that experience
VHCF, such as bridges [12] and heavy industry equipment [14]. In this context, they have
been the subject of some of the first research on the VHCF of welds. Zhao et al. [41]
investigated the VHCF performance of EH36 structural steel base metal and butt welds
fabricated using flux-core arc welding (FCAW), with the welds ground flush before testing.
Figure 7 displays the test results of the base metal and welded specimens under fully
reversed axial loading at 20 kHz at room temperature. Although the slope of the S–N curve
reduces in the VHCF regime, no fatigue limit was observed, and multiple fatigue failures
occurred above 109 cycles for both specimen types. The fatigue strength of the welded joints
was less than that of the base metal, especially as the number of cycles to failure increased.
Fractography revealed that the fatigue crack initiation sites in welded specimens were
inclusions and pores; hence, these were the principal reasons for the reduction in fatigue
strength [41]. One limitation of this study is the absence of recorded runout specimens,
which would have aided in the statistical evaluation of the results [42].
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Figure 7. S–N curves for EH36 base metal and welded joint [41] (with permission from Elsevier, 2023).

The VHCF properties of cruciform arc-welded joints of Q235 and Q345 structural steels
were studied by Yin et al. [15]. The cruciform joints, shown in Figure 8, were comprised
of four non-load-carrying fillet welds and assessed using UFT. A continually decreasing
S–N curve in the VHCF regime was observed for welded specimens of both Q235 and
Q345. Failures occurred above 109 cycles, and no runout specimens were reported; hence, a
fatigue limit was not observed for the cruciform joints and cracks initiated at the weld toes
from slag inclusions or machining marks. Additionally, the effect of ultrasonic peening
treatment (UPT) was investigated; it was found that the VHCF strength was significantly
increased for welded joints of both base metals due to grain refinement and the generation
of beneficial compressive residual stresses [15]. Cylindrical, hourglass-shaped specimens
of Q345 base metal and arc-welded joints were tested using UFT by He et al. [12], and a
fatigue limit was not observed for either specimen type. The fatigue strength of the welded
joints was found to be significantly lower in the VHCF domain when compared to the base
metal due to cracks initiating owing to lack of penetration, slag inclusion, and gas pore
defects [12].

UFT of as-welded butt joints of 16Mn structural steel was conducted by Liu et al. [43].
A similar geometry to the standard hourglass specimen recommended by WES 1112 [24]
was used, with a circumferential gas tungsten arc weld (GTAW) in the central gauge section.
Fatigue failures were observed in the VHCF regime, with cracks initiating at either the
welding stop/start point or the weld toe due to the geometric stress concentration in these
regions. Welded joints subjected to UPT were also tested, but showed only a small increase
in fatigue strength, in contrast to the results of Yin et al. [15].
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Figure 8. Cruciform welded joints ultrasonic fatigue testing specimens with main dimensions shown
(mm) [15] (with permission from Elsevier, 2023).

He et al. [44] investigated the VHCF behaviour of Q345 welds joined by shielded
metal arc welding (SMAW). A specially designed semi-circular notched UFT specimen
(Figure 9) was used to discretely evaluate the fatigue behaviour of the base metal, heat-
affected zone (HAZ), and fusion zone (FZ). The base metal had significantly greater fatigue
strength than the HAZ and FZ in the VHCF regime, with a decrease of approx. 55% and
60%, respectively (Figure 9d). The onset of fatigue failure was assessed by monitoring the
natural frequency of specimens during testing since crack propagation reduces the stiffness
of a specimen, hence the natural frequency [45]. Through this method, it was revealed that
the fatigue crack initiation stage was significantly shorter for the FZ when compared to the
HAZ, as cracks readily propagated from pores and inclusions early in the fatigue life of
specimens [44]. While the study [44] examined the effect of internal defects, the notched
specimen design omitted the weld cap and root. Thus, the potential influence of external
defects, such as undercuts or inadequate root penetration [46], was overlooked.

The dependence of the microstructure on the VHCF behaviour of low-carbon steel
welds was shown by Nishikawa and Furuya [47]. Heat treatments were used to simulate
the temperature cycle experienced by different regions of the HAZ of low-carbon steel
(0.15% wt.%C). Specimens consisting of either fine- or coarse-grained microstructures
were produced by altering the maximum temperature and cooling rate. The fine-grained
specimens revealed a distinct fatigue limit, with no failures occurring above 106 cycles. In
contrast, the coarse-grained specimens showed a continually decreasing S–N curve in the
VHCF regime due to internally originated fractures [47].

Schaumann and Steppeler [48] used a resonance-based fatigue testing machine to
assess the VHCF behaviour of gas metal arc welding (GMAW) butt joints of S355J2+N
structural steel. Fatigue testing was conducted at 390 Hz, and the machine configuration
(Figure 10) allowed for the testing of welded joints with a 25 mm × 4 mm cross-section
in the gauge length, considerably greater than what is possible with UFT [49]. Testing at
390 Hz was shown to have no influence on the fatigue strength of the welded joints in
comparison to tests conducted using conventional servo-hydraulic fatigue testing at 20 Hz.
The elevated frequency of 390 Hz allowed for tests to be conducted in the VHCF domain,
up to a runout value of 5 × 108 cycles. However, the specimens displayed a fatigue limit at
3 × 106 cycles [48]. A fatigue limit at 107 cycles was observed by Gao et al. [50] for FCAW
cruciform joints of Q355B steel, tested at 110 Hz to a runout value of 2 × 108 cycles.
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Figure 9. (a) Q345 welded fatigue specimen dimensions (mm); (b,c) etched specimens with the FZ
and HAZ in the region of highest stress, respectively; (d) S–N curve for base metal, HAZ, and FZ
specimens [44] (with permission from Elsevier, 2023).

A summary of the research carried out on the VHCF behaviour of low-carbon steel
welded joints is provided in Table 1. Generally, it is found that welds of this class of metal
show no fatigue limit before 107 cycles. Low-carbon steel welds have a reduced VHCF
strength when compared to the corresponding base metals, regardless of the welding
method used [12,41,43,44]. Almost all this research is conducted using structural steels
with a yield strength of approx. 350 MPa (e.g., Q345, S355, EH36), and consequently
future research should focus on other, preferably higher-strength grades. The effect of
the loading frequency should be considered in subsequent investigations where UFT is
employed, as the fatigue strength of low-carbon steels has been identified as showing a
strong dependence on this aspect [31].
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Figure 10. Design and fatigue loading schematic of resonance-based fatigue testing machine [48]
(used under Creative Commons CC-BY license).

Table 1. Summary of research on VHCF of low-carbon steel welds.

Base Metal Welding Method Specimen Type Research Focus Reference

EH36 FCAW Cylindrical dog-bone
Comparison of fatigue

strength to base metal and
effect of inclusions

[41]

Q235 and Q345 Arc welding (not specified) Cruciform joint Effect of UPT [15]

Q345 Arc welding (not specified) Cylindrical hourglass Comparison of fatigue
strength to base metal [12]

16Mn GTAW As-welded cylindrical
hourglass and cruciform Specimen geometry [43]

Q345 SMAW Notched cylindrical
hourglass

Comparison of fatigue strength
of different weld regions [44]

0.15% carbon steel - Cylindrical hourglass Fatigue strength of HAZ
simulated by heat treatment [47]

S355J2+N GMAW Rectangular dog-bone 390 Hz resonance fatigue
testing machine [48]

Q355B FCAW Cruciform Corrosion fatigue testing at
110 Hz [50]

3.2. Alloy Steels

Alloy steels include alloying elements in appreciable amounts, in addition to carbon,
that serve to improve mechanical properties [51]. They are generally used in applications
where increased strength, hardness, and corrosion resistance are required compared to
unalloyed low-carbon steels [51]. Alloy steels often feature inclusions or secondary phases,
characteristics of Type II materials in the VHCF regime [8]. The additional alloying elements
result in a higher potential for solidification cracking or HAZ softening post-welding; thus,
preheating or post-weld heat treatments may be required [52]. Alloy steel welds are used in
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a range of applications that are subjected to VHCF, e.g., automotive struts and suspension
components [13] and impeller blades [53].

As detailed in Section 2.1, the frequency effect is a significant issue with UFT and,
consequently, characterising material behaviour in the VHCF regime. Despite this, the only
existing research on the frequency effect with UFT of welded joints was conducted by Zhu
et al. [53], who tested submerged arc welding (SAW) joints of 25Cr2Ni2MoV alloy steel at
110 Hz and 20 kHz. Cylindrical, dog-bone-shaped specimens were used so that the base
metal, HAZ, and FZ regions all experienced the same stress during cyclic loading. As shown
in Figure 11, the fatigue strength and fracture initiation sites of the welded joints showed
sensitivity to the loading frequency, especially as the number of cycles to failure increased.
The percentage increase in fatigue strength from 110 Hz to 20 kHz was 30% at 105 cycles,
rising to 75% at 108 cycles. Additionally, fatigue cracks tended to initiate in the base metal
at 110 Hz, only transitioning to the FZ at lower stress amplitudes above 2 × 106 cycles. In
contrast, the majority of specimens tested at 20 kHz failed from the FZ, regardless of the
stress amplitude applied. For both test frequencies, fatigue cracks initiated at the specimen
surface at higher stress amplitudes, but from interior pores and inclusions at lower stress
amplitudes. The volume of material subjected to >90% of maximum applied stress, known
as the risk volume [54], differed between the specimens tested at each frequency, as well as
the proportion comprised by each weld region [53]. These factors limit the certainty that
any difference in fatigue behaviour can be solely attributed to the loading frequency.

Figure 11. S–N curves for 25Cr2Ni2MoV welds at 110 Hz and 20 kHz [53] (with permission from
Elsevier, 2023).

Cylindrical, dog-bone-shaped specimens with diameters of 5 mm and 3 mm were
used to assess the size effect in UFT of welded joints by Zhu et al. [55]. For the same
25Cr2Ni2MoV alloy steel welds as detailed above [53], an increase of approx. 20% was
observed in the fatigue strength at 107 cycles for the 3 mm diameter specimens compared to
the 5 mm diameter specimens. This phenomenon was attributed to the increased probability
of the presence of a larger defect, which a crack can initiate from at a lower stress [55].
SAW joints of the same alloy steel, 25Cr2Ni2MoV, were used to study the heat dissipation
during UFT of welds [56]. The heat dissipation behaviour was similar for base metal and
welded specimens during ultrasonic loading. The maximum surface temperature of the
specimens followed the same trend for continuous and intermittent loading; an initial
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temperature increase was followed by a stable period. As crack propagation occurred, an
increase in maximum surface temperature was observed, and its location correlated with
the fracture site. The position of maximum temperature varied throughout tests in the
welded specimen, whereas it remained fixed at the centre of base metal specimens [56].

The determination of a potential fatigue limit is the focus of a range of research on alloy
steel welds. Yeom et al. [13] investigated the VHCF behaviour of GMAW joints of ferritic-
bainitic alloy steels 590 FB and 780 FB. Rectangular cross-section dog-bone specimens
with the weld bead removed were tested using UFT in addition to base metal specimens.
Neither the base metal nor the respective welded joints displayed a fatigue limit below
109 cycles, as shown in Figure 12a. Only a minimal decrease in the VHCF strength (approx.
8%) was measured for both 590 FB and 780 FB due to welding, contrary to other research
comparing welded joints to base metals in the VHCF domain [41,43,44]. As depicted in
Figure 12b, dissimilar welds of 590 FB and 780 FB showed comparable VHCF strength to
780 FB welds [13]. Moreover, it was found that all specimens that fractured above 107 cycles
exhibited crack initiation at a single point on the specimen surface [13]. A limited number
of specimens were tested for each base metal and welded joint, restricting any conclusions
that could be established.

Figure 12. S–N curves for (a) 590 FB and 780 FB base metals and welded joint; (b) 590 FB and 780 FB
similar and dissimilar welds [13] (used under Creative Commons CC-BY license).

He et al. [57] studied the VHCF behaviour of GMAW butt joints of SMA490BW, a
weathering steel alloy, before and after UPT. A specially designed specimen was employed
with the weld toe in the region of highest stress (Figure 13). Both as-welded joints and joints
subjected to UPT each showed multiple failures in the VHCF regime, with all fractures
originating from the weld toe. UPT resulted in a 38% increase in fatigue strength at
109 cycles [57].

The VHCF properties of SAW joints made of KMN-I, a low-alloy steel used for com-
pressor blades, were investigated by Wang et al. [58]. The standard cylindrical hourglass
shape was used for both base metal specimens and specimens with the FZ located in the
centre. The fatigue strength of welds was similar to the base metal at lower fatigue lives
(104–105 cycles), but the S–N curve for welds decreased at a greater rate (Figure 14). All
fatigue failures of welds occurred below 3 × 107 cycles, indicating a possible fatigue limit
early in the VHCF regime [58].
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Figure 13. Geometry of SMA490BW butt welded specimens showing ultrasonic impact at weld toe
(mm) [57] (with permission from Springer Nature, 2023).

Figure 14. S–N diagram of base metal (denoted as normal specimens) and welded specimens of
KMN-I [58] (used under Creative Commons CC-BY license).

In a series of papers [59–61], the fatigue properties of alloy steel welds at elevated
temperatures were investigated up to 5 × 107 cycles using a loading frequency of 100 Hz.
Failures occurred from internal inclusions above 107 cycles for SAW joints of a CrMoV
steel tested at 370 ◦C [59]. No fatigue limit was observed for dissimilar SAW joints of
CrMoV and 9% Cr steels at 500 ◦C [60]. Specimens predominantly failed at the HAZ of the
weaker CrMoV steel, initiating from inclusions or microstructural inhomogeneities [60].
Li et al. [61] tested two different specimen types of SAW joints of 25Cr2Ni2MoV steel at
300 ◦C. Specimens with the HAZ in the centre had an approx. 7% greater fatigue strength
than specimens with the FZ in the centre, an effect attributed to increased dynamic strain
ageing [61].

Table 2 displays a summary of the research on the VHCF properties of alloy steel welds.
Failures in the VHCF regime were observed for all welded joints of alloy steels; therefore,
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the assumption of a fatigue limit before 107 cycles is non-conservative. In addition, this
alloy class has been used to investigate the frequency and size effects of UFT.

Table 2. Summary of research on VHCF of alloy steel welds.

Base Metal Welding Method Specimen Type Research Focus Reference

25Cr2Ni2MoV SAW Cylindrical dog-bone

Assessment of frequency effect [53]

Assessment of size effect [55]

Heat dissipation during UFT [56]

Elevated temperature testing
at 100 Hz [61]

590 FB and 780 FB GMAW Rectangular dog-bone
Comparison of fatigue

strength to base metal and
dissimilar welds

[13]

SMA490BW GMAW As-welded rectangular
dog-bone Effect of UPT [57]

KMN-I SMAW Cylindrical hourglass Comparison of fatigue
strength to base metal [58]

CrMoV Steel SAW Cylindrical hourglass Elevated temperature testing
at 100 Hz [59]

9% Cr Steel and CrMoV Steel SAW Cylindrical dog-bone
Comparison of base metals

and dissimilar weld at
elevated temperature

[60]

3.3. Stainless Steels

The use of welded joints of stainless steel alloys in applications such as impeller
blades [62] and nuclear reactor coolant pipes [63] means that they are subjected to VHCF
during service; however, there is only limited research for this class of materials. The
VHCF behaviour of SMAW joints of FV520B-I martensitic stainless steel was investigated
by Zhang et al. [62]. Their study represents the only published research on the effect
of surface roughness on the VHCF of welds, with “smooth” (Ra ≈ 0.05) and “rough”
(Ra ≈ 0.6) cylindrical hourglass-shaped specimens tested at 20 kHz. The smooth specimens
displayed the typical VHCF behaviour of high-strength steels [64], with no fatigue limit and
some fractures originating from subsurface non-metallic inclusions or pores (Figure 15a–c).
Energy-dispersive spectroscopy revealed the inclusions originated from the flux coating
of the welding electrode. Additionally, two smooth specimens fractured from inclusions
located at the specimen surface (Figure 15d,e). The rough specimens exhibited a tendency
to fail in the HCF regime from surface initiation sites, while only two internally initiated
failures in the VHCF were recorded [62]. In a subsequent paper using the same base metal
and weld method, the size effect was assessed using smooth specimens [65]. Cylindrical
dog-bone-shaped specimens with an approx. 3.3x greater risk volume showed a slight
decrease in VHCF strength but no change in crack initiation behaviour. Compared to base
metal, both specimen shapes showed a lower fatigue life and greater scatter in fatigue
testing results [65].

Xiong et al. [63,66] investigated the VHCF behaviour of GTAW and laser beam welding
(LBW) joints of 316L stainless steel using cylindrical dog-bone-shaped specimens. GTAW
joints presented no fatigue limit in the VHCF regime, and specimens tended to fail from
surface-initiated cracks. The GTAW joints showed comparable fatigue strength with the
base metal when stress amplitudes were normalised to the ultimate tensile strength of each
region [66]. Despite the presence of large pores, the refined microstructure due to the high
heat input of the LBW process resulted in comparable VHCF strength to GTAW joints [63].
A greater scatter was displayed in the fatigue lives of LBW specimens due to the random
size distribution of pores [63].
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Figure 15. Fracture initiation sites of smooth specimens of FV520B-I welds in VHCF regime [62] (with
permission from Elsevier, 2023).

No definitive conclusions can be drawn from the limited research on the VHCF
properties of stainless steel welds (Table 3). The comparison of welding methods, as
investigated by Xiong et al. [63], is not seen in research on other metals and could be
important for the design of components and structures subjected to VHCF. Future research
should focus on expanding the data for this class of materials, with attention to other base
metals and welding methods.
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Table 3. Summary of research on VHCF of stainless steel welds.

Base Metal Welding Method Specimen Type Research Focus Reference

FV520B-I SMAW
Cylindrical hourglass Effect of surface roughness [62]

Cylindrical dog-bone Size effect [65]

316L
GTAW Cylindrical dog-bone Comparison to base metal [66]

GTAW and LBW Cylindrical dog-bone Comparison of weld methods [63]

3.4. Non-Ferrous Alloys

There is limited fatigue data within the engineering literature for welded joints of non-
ferrous alloys in the VHCF domain, with only a small number of investigations conducted
focusing on aluminium [67–69], magnesium [70], and titanium alloys [71–74]. The VHCF
behaviour of GMAW joints of AA6082 was characterised by Cremer et al. [67] using
rectangular dog-bone-shaped specimens with the weld reinforcement removed. Three
different specimens were used, each featuring either the base metal, HAZ, or FZ at the
position of maximum stress. Neither of the weld zones showed a fatigue limit below
2 × 109 cycles. As expected, the base metal exhibited the greatest fatigue strength, while
the HAZ presented a slightly inferior strength (reduced by approx. 10%). Due to incomplete
fusion and gas pore defects, the lowest fatigue strength was identified in the FZ specimens,
with significant scatter in the results. Notched specimens were also tested in different
heat-treated conditions, to achieve hardness values representative of the FZ (85 HV) and
HAZ (75 HV). The notch factor was chosen to represent the stress concentration at the
weld toe. It was reported that the VHCF strength of the notched specimens decreased
as the material hardness decreased [67]. One limitation of this research is that although
the heat-treated notched specimens allowed for a simulated fatigue test of the weld toe,
they did not include defects, such as micro-ripples, spatter droplets, small undercuts, or
microscopic slag inclusions [75,76], that can be detrimental to fatigue strength.

Deng et al. [68] examined the VHCF behaviour of AA7050 base metal and friction stir-
welded (FSW) butt joints using cylindrical dog-bone-shaped specimens. No fatigue limit
was observed for either specimen type up to 109 cycles. The welded specimens showed
slightly greater fatigue strength than the base metal [68]. The findings were consistent with
the literature on the HCF of FSW joints, with the highly refined microstructures caused
by the FSW process considerably enhancing fatigue performance [77]. No fatigue limit
was found for FSW joints of AA6061 below 109 cycles by He et al. [69]. Rectangular dog-
bone-shaped specimens were extracted from different regions through the thickness of
the weld; it was found that specimens extracted from the weld root displayed the lowest
fatigue life due to the softening that occurred in this region during the FSW process [69].
The VHCF behaviour of FSW joints of ZK60 magnesium alloy was investigated by Chen
et al. [70] using rectangular dog-bone-shaped specimens. The fatigue strength of the
joints was found to continually decrease in the VHCF regime, with no discernible fatigue
limit. All failures above 106 cycles were identified to originate from porosity defects in the
thermo-mechanically affected zone [70].

Electron beam welding (EBW) joints of titanium alloys have received some research
attention [71–74] due to their use in aerospace engines, which are subjected to VHCF
in service. Liu et al. [71] investigated the VHCF behaviour of TC17 titanium alloy EBW
joints. Cylindrical dog-bone-shaped specimens were employed, and welds were tested after
PWHT. Both EBW and base metal specimens showed no fatigue limit prior to 109 cycles
at room temperature. The fatigue strength of EBW joints was pronouncedly decreased
compared to the base metal; a reduction of approx. 45% was found in the VHCF regime
(Figure 16). The large scatter in the fatigue lives of welded joints was ascribed to the random
size distribution of pores and the location of pores relative to the specimen surface [71]. In
two subsequent studies [72,73], identical EBW TC17 joints were tested at 400 ◦C. The S–N
curve at this elevated temperature revealed a reduced slope in the VHCF regime, although
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no fatigue limit was found. At 400 ◦C, the fatigue strength showed a reduction of approx.
20% at 109 cycles as compared to room temperature. Pore-initiated cracks were still the
predominant mode of failure [72,73]. Zheng et al. [74] found no fatigue limit for TC21
titanium alloy EBW joints and a similar dependence of the VHCF behaviour on pores.

Figure 16. S–N curves for TC-17 alloy base metal and EBW joint [71] (used under Creative Commons
CC-BY license).

A synopsis of the research carried out to date on the VHCF properties of welded
joints of non-ferrous alloys is shown in Table 4. In general, non-ferrous alloy welds
presented a similar trend to ferrous alloys, with no fatigue limit observed in the VHCF
regime. The VHCF properties developed by more advanced welding methods (FSW and
EBW) are investigated more commonly for this class of metals compared to ferrous alloys.
Titanium alloys can be joined by a range of conventional welding methods, e.g., GMAW
and GTAW [78]; therefore, there is significant merit in considering the VHCF of welds
produced by these processes in future research endeavours.

Table 4. Summary of research on VHCF of non-ferrous alloy welds.

Base Metal Welding Method Specimen Type Research Focus Reference

AA6082 GMAW Rectangular dog bone
and notched

Comparison of fatigue strength of different
weld regions [67]

AA7050 FSW Cylindrical dog-bone Comparison of fatigue strength to
base metal [68]

AA6061 FSW Rectangular dog-bone Comparison of fatigue strength
through-thickness [69]

ZK60 FSW Rectangular dog-bone Effect of welding defects [70]

TC17 EBW Cylindrical dog-bone

Effect of welding pores [71]

Fatigue strength at elevated
temperature [72]

Comparison of fatigue strength to base
metal at elevated temperature [73]

TC21 EBW Cylindrical hourglass Effect of welding pores [74]
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4. Design Standards and Industrial Case Studies
4.1. Design Standards for Very High Cycle Fatigue of Welds

The guidance for the design of welded joints subjected to VHCF varies between
international standards. Within these standards, S–N curves are generally specified in
terms of the nominal stress. This refers to the stress remote of the weld bead, with no
consideration of the stress concentration caused by the weld toe geometry [79,80]. Diverse
welded joint geometries are then assigned to a certain fatigue class corresponding to their
fatigue strength. For example, a full penetration butt weld ground flush is assigned a
higher fatigue class than a partial penetration butt weld.

One of the main differences is whether a fatigue limit is incorporated into the design
S–N curves. BS 7608:2014 [80] assumes a fatigue limit of 1 × 107 cycles for normal stresses
in the absence of corrosion. The fatigue limit in AWS D1.1/D1.1M:2020 [81] is defined in
the range of 2 × 106 and 2 × 107 cycles, depending on the fatigue class of the welded joint.
A decrease in the slope of the S–N curves in the VHCF regime is considered in a number
of standards [79,82,83]. This is similar to the observations reported by some researchers
in laboratory-based VHCF tests [41,43]. Due to the emergence of VHCF as a separate
research field, the IIW removed the consideration of a fatigue limit in the 2006 update of
their design recommendations [79,84]. In line with this update, the slope of the S–N curves
is reduced at 1 × 107 cycles, so that the rate of decrease in fatigue strength is 10% per
decade of loading cycles [79]. BS EN 1993-1-9:2005 [82] specifies a reduction in the slope of
the S–N curve between 5 × 106 and 1 × 108 cycles, with a fatigue limit beyond this. For
offshore applications in clean air (i.e., no influence of corrosion), DNV-RP-C203 [83] defines
a reduction in the slope at 1 × 107 cycles with no fatigue limit. It is evident that there is no
consensus in the relevant standards on the fatigue assessment of welded joints in the VHCF
domain. The consideration of a fatigue limit could potentially lead to the non-conservative
design of structures and the standards that consider this should be updated.

4.2. Industrial Case Studies

Studying failures of welded components subjected to VHCF in an industrial setting
allows for further insight into the topic, in the absence of the limitations of the UFT method.
Fry [14] gathered data on fatigue failures of welded components of vibrating screens used
in the mineral processing industry. Vibrating screens typically operate continually between
14 and 17 Hz; therefore, the VHCF domain is reached within a month of usage [14]. Due to
the common occurrence of fatigue failures beyond 107 cycles, an extension to the design
S–N curves used within BS7608:2014 [80] was proposed (Figure 17). The extension of the
S–N curves involves a change in slope at 107 cycles and a fatigue limit at 4 × 108 cycles for
welds protected from corrosion [14].

More recently, the failure of a welded joint after 6.2 × 107 cycles on a drive beam of
a vibrating screen was investigated by Rumiche et al. [85]. Comparing the fatigue life of
the component to an appropriate fatigue class from Fry’s modified S–N curves [14] returns
an approximate stress range of 20 MPa, which is within typical operating stress ranges
for vibrating screen components [85]. Other industrial applications where VHCF failures
of welded components have been observed include conveyor pulleys [86] and railway
bridges [87].

The VHCF behaviour of welds is an important consideration in the context of the
service life extension of existing components. As an illustration, welded wind turbine
monopiles approaching 20 years in service are being considered for further use after their
initial design life [88]. Service life extension of existing welded components would result in
both environmental and economic benefits [88].
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Figure 17. Data from failures of vibrating screen components and proposed modification to BS7608
S–N curves [14] (with permission from Elsevier, 2023).

5. Future Directions

As highlighted in this paper, research on the VHCF behaviour of various metals
and weld methods has been conducted, but there are a number of knowledge gaps to
be addressed in future research. Investigation of the fundamental challenges of the UFT
method is required to promote a better understanding of the VHCF performance of welds.
The frequency effect of welded joints has only been studied in one investigation, despite
being identified as one of the primary limitations of UFT [27]. As the frequency effect is
heavily dependent on crystalline structure [27], research is required for diverse metals, e.g.,
aluminium and titanium alloys. Unalloyed low-carbon steels show a significant frequency
effect [31], yet there is no research comparing the results of conventional fatigue testing
and UFT for welds of this class of material. The control of specimen surface temperature
generally requires the combination of air or water cooling, and intermittent driving so
the effect of these should be considered more often in relevant studies. A wide range of
specimen geometries for UFT of welded joints have been exhibited in the literature, limiting
comparisons that can be made between different investigations. The standardisation of
specimen design for UFT of welded joints would allow for the VHCF behaviour of various
base metals and welding methods to be suitably compared.

UFT machines require the use of specimens that are significantly smaller than welded
joints in real components, and the limitation of this is often not considered. The local
geometry of welded components causes stress concentration regions [5], and although
some as-welded UFT specimen designs have been exhibited, this area needs further investi-
gation. All studies described herein used uniaxial tensile-compressive loading in the VHCF
regime. Therefore, the effect of various loading conditions, namely bending, torsional,
and multiaxial loading, should be explored for welded joints using UFT. Applying mean
stress is recommended when fatigue testing specimens of welded joints to represent the
effect of residual stresses [79], but this has not been investigated to date. Additionally,
the effect of corrosion on VHCF strength has not been thoroughly examined for welded
joints. Fundamental studies on the effects of different weld methods and PWHT would
also enhance the scientific understanding of this subject area.

6. Conclusions

UFT has been proven to be a viable method to study the VHCF of welded joints in
a reasonable timeframe. The elevated loading frequency significantly accelerates testing;
hence, the VHCF of welds can be investigated in a controlled laboratory environment
rather than relying on reported failures of real-world components. Several conclusions can
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be drawn from the present review of the engineering literature on the VHCF behaviour
of welds:

• The VHCF strength of welded joints is generally lower than that of base metals, even
when the stress concentration of the weld toe is removed by machining.

• A continuous decrease in the S–N curve is observed beyond 107 loading cycles for all
metallic welds studied to date (steel, aluminium, titanium, and magnesium alloys),
challenging the classical assumption of a fatigue limit. This is further demonstrated
by examples of in-service failures of welded components in the VHCF regime in
various applications.

• A change in the design S–N curves of standards that include a fatigue limit, e.g.,
BS7608:2014, should be implemented to guarantee the structural integrity of welded
components operating in the VHCF regime.

• The primary factor for the reduction in VHCF strength of welds is welding defects,
principally inclusions and gas pores. Failures in the VHCF domain typically originate
from these defects.

• Limited research on UPT has shown the process to significantly increase the VHCF
strength of welded joints due to the grain refinement and compressive residual stresses
caused by the process.

• Testing programmes that cover the HCF and VHCF regimes tend to show that there is
a reduction in the slope of the S–N curve in the VHCF regime, an observation that has
been reflected in some design standards.

Although the scientific understanding of the VHCF behaviour of welds has been
greatly expanded in the past 20 years, the research field remains relatively unexplored;
thus, more fundamental studies are required.
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