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Preface to ”Fracture Mechanics and Fatigue Design in

Metallic Materials”

This Special Issue explores the most recent research advancements in the field of various design

elements, with particular emphasis on their safety and reliability. The analysis included the study of

initiation and fatigue crack growth in metallic materials.

This Special Issue has attracted submissions from Australia, Bangladesh, China, Ireland, Japan,

Korea, Poland, Portugal, Spain, Ukraine, UK, and USA: 19 submissions were received and 12 articles

were published.

Sharma et al. presented the review article entitled “Recent advances in very high cycle fatigue

behavior of metals and alloys—A review”, in which they review the research and development in the

field of fatigue damage, focusing on the very high cycle fatigue (VHCF) of metals, alloys and steels.

In addition, they showed the influence of various defects, crack initiation sites, fatigue models and

simulation studies to understand the crack development in VHCF regimes.

Wang et al. presented the paper “Capturing and micromechanical analysis of the

crack-branching behavior in welded joints”, where the branching criterion or the mechanism

governing the bifurcation of a crack in welded joints is analyzed. In their work, three kinds of

crack-branching models that reflect simplified welded joints were designed.

Xu’s group presented research entitled “An ultra-high frequency vibration-based fatigue

test and its comparative study of a titanium alloy in the VHCF regime”, which proposes an

ultra-high-frequency (UHF) fatigue test of a titanium alloy TA11 based on an electrodynamic shaker

to develop a feasible testing method in the VHCF regime.

Artola et al. conducted a scientific study entitled “Hydrogen assisted fracture of 30MnB5 high

strength steel: A case study”, where they investigated the impact of quench and tempering and

hot-dip galvanizing on the hydrogen embrittlement behavior of high-strength steel. Slow-strain-rate

tensile testing was employed to assess this influence.

Zakavi et al. presented a study entitled “The evaluation of front shapes of through-the-thickness

fatigue cracks”, in which new tools were shown to evaluate the crack front shape of

through-the-thickness cracks propagating in plates under quasi-steady-state conditions.

Lesiuk, together with a group of co-authors, presents an article entitled “Analysis of the

deceleration methods of fatigue crack growth rates under mode I loading type in pearlitic rail steel”,

in which they presented a comparison of the results of the fatigue crack growth rate for raw rail steel,

steel reinforced with composite material—CFRP—and the case of counteracting crack growth using

the stop-hole technique, as well as with an “anti-crack growth fluid”.

Ahmed et al. in the presented work “Fatigue crack growth behaviour and role of

roughness-induced crack closure in CP Ti: Stress amplitude dependence”, where they investigated

the fatigue crack propagation mechanism of CP Ti at various stress amplitudes and crack closure.

Another study entitled “Fatigue variability of alloy 625 thin-tube brazed specimens” was

introduced by Lee et al., where they conducted fatigue tests at room temperature and 1000 K for alloy

625 tubes. The variability in fatigue life was investigated by analyzing the locations of the fatigue

failure, fracture surfaces and microstructures of the brazed joint and tube.

Rusnak et al. presented the paper “Fatigue behavior of nonreinforced hand-holes in aluminum

light poles”, in which they fatigue tested nine poles with 18 openings using four-point bending at

various stress ranges. Finite element analysis was used to complement the experimental study.

ix



Ishihara et al. presented a study entitled “Application of an artificial neural network to develop

fracture toughness predictor of ferritic steels based on tensile test results”, where they analyzed

the structural integrity of ferritic steel structures subjected to large temperature variations, which

required the collection of the fracture toughness of ferritic steels in the ductile to brittle transition

region.

Liu et al. presented the paper “Research on the corrosion fatigue property of 2524-T3 aluminum

alloy”, in which subjected the 2524-T3 aluminum alloy to fatigue tests under the conditions of R = 0, a

3.5% NaCl corrosion solution and loading cycles of 106, and the S-N curve was obtained. The fatigue

source characterized by cleavage and fracture mainly comes from corrosion pits.

Finally, a summary of all the presented work is shown in the Editorial article.

Dariusz Rozumek

Editor
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Abstract: We reviewed the research and developments in the field of fatigue failure, focusing on
very-high cycle fatigue (VHCF) of metals, alloys, and steels. We also discussed ultrasonic fatigue
testing, historical relevance, major testing principles, and equipment. The VHCF behavior of Al, Mg,
Ni, Ti, and various types of steels were analyzed. Furthermore, we highlighted the major defects,
crack initiation sites, fatigue models, and simulation studies to understand the crack development in
VHCF regimes. Finally, we reviewed the details regarding various issues and challenges in the field
of VHCF for engineering metals and identified future directions in this area.

Keywords: fatigue; fracture; very-high cycle; high-entropy alloy; powder metallurgy; fish eye

1. Introduction

1.1. History of Fatigue/Background

Preliminary observations were recorded at the beginning of the 19th century during the industrial
revolution in Europe. During this time, several railways, heavy-duty locomotives, and engines
accidentally failed after a long period of time. In 1829, W.A.S. Albert noticed this failure while
performing cyclic loading on iron chain [1,2]. Later, in 1837, he reported a relation between cyclic load
and lifespan of metal in a magazine. Following this observation, a cast-iron axle designer, J.V. Poncelet,
used the term “fatigare” and F. Brainthwaite in Great Britain coined it as fatigue in 1854 [3,4].

In 1842, one of the worst rail disasters happened near Versailles, France. Several locomotives’ axles
broke on the way. After inspection by W.J.M. Rankine from British railways, a brittle fracture in the axle
was confirmed [2]. Following this observation, some pioneering work performed by August Wöhler
on the failure of locomotive axles built the foundation of fatigue understanding. Wöhler plotted the
Krupp axle steel data with respect to stress (S) and number of cycles to failure (N). This plot was later
named the S-N diagram [5,6]. The S-N diagram is useful for forecasting the fatigue life and endurance
limit of metals, i.e., the limiting threshold value of stress below which an engineering material exhibits
a high or infinite high fatigue life. Thus, A. Wöhler is regarded as the grandfather of modern fatigue
technology [7].

In 1886, J. Bauschinger published the first investigation on the stress-strain behavior of materials
under cyclic loading. At the end of the 19th century, Gerber and Goodman performed systematic
parametric investigations and proposed simplified fatigue theories. In 1910, O.H. Basquin further
proposed the shape of the S-N diagram by applying Wöhler’s data on a log–log scale. Following various
investigations, fracture mechanics was born via the crack propagation theory of A.A. Griffith in
1920 [8]. Various Manson-Coffin-Basquin (MCB) models and Langer models came into focus to study the
strain characteristics which depend upon time. The MCB model was developed for tension-compression

Metals 2020, 10, 1200; doi:10.3390/met10091200 www.mdpi.com/journal/metals1
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fatigue [9,10]. Later, the MCB model was replaced with Langer and Kandil and another model
developed by Kurek and Lagoda under multiaxial loading [11–13]. Other fatigue investigations related
to full-range fatigue regimes for more than 108 cycles (Kohout-Vechet model) were also pioneered
including multi-fatigue damage parameters by recent researchers [14–16].

In practice, fatigue takes place under dynamic loading after a substantial period of service,
in windmills, high-speed aircraft, ships, submarines, turbine blades, offshore platforms, launch vehicles,
pressure vessels, etc. Most of the load-bearing applications in vehicles, engine parts, are loaded with
108 cycles, while railway components, bridges and wheels are loaded with 109 cycles in their lifetime.
Therefore, there is a need for knowledge of fatigue behavior and safe operation limits in the VHCF
regime. In the VHCF regime, the fatigue behavior is different compared to conventional high cycle
fatigue. For instance, the fatigue behavior of high-strength steels in the VHCF regime show crack
initiation at the inclusion site, while in high cycle fatigue (HCF), cracks are loacated preferentially at
the surface [17,18]. Aluminium alloys have no fatigue limit but show slip band formation in VHCF
regime [19,20]. There is no failure in Ti6Al4V at low stress ratios while the fatigue strength decreases
at high stress ratios in VHCF [21–24]. It can be seen that VHCF behavior can be extrapolated from
HCF data. The various distinct differences in VHCF and HCF have been reviewed by Li et al. [25].
VHCF mechanisms involving crack initiation at inclusion sites or other damage in the VHCF regime for
defect free materials were reviewed by Zimmermann et al. [26]. In recent decades, the fatigue behavior
of materials in VHCF regime has increased. However, the prominent cause of fatigue failure is still
not clear and needs to be overviewed in detail. Therefore, this work focuses on the VHCF behavior
of metals, alloys and steels. We also highlight the HCF fatigue behavior of novel high-entropy alloy
systems for future guidance in extrapolating it to VHCF regime.

1.2. Classification

The word “fatigue” originated from the Latin word “fatigare” meaning “to tire”. This means
that materials fail sooner than expected after tiring under cyclic loading [3]. Fatigue is the most vital
criteria for designing engineering materials. The severity of damage can be understood by the fact that
fatigue occurs more often at lower stresses than at the yielding of materials [27]. Fatigue life depends
on the number of cycles a material can withstand before fracture. The fracture can occur in a few
cycles, or sometimes it takes a large number of cycles before fracture. However, before going further,
we classify various fatigue processes occurring in engineering materials, as shown in Figure 1.

Figure 1. Classification of various types of fatigue failure occurring in engineering materials.

There are different types of fatigue failures according to the types of loading and conditions.
Based on the fatigue life cycle, it can be divided according to the number of cycles needed to reach
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failure, such as (1) low cycle fatigue (LCF) (~104 . . . ~105 cycles) and (2) high cycle fatigue (HCF) (~105 to
107 cycles). Additionally, fatigue life with more than 107 cycles is known as very-high cycle fatigue
(VHCF) [28,29]. The fatigue crack initiation life is defined by the number of cycles required from the
time of initiating a surface imperfection or grain size crack to the time of formation of a not-considerable
length of crack. In other words, this is the number of cycles of fatigue crack propagation required for
a microcrack to grow up to an easily definable length, 0.5 or 1 mm in length, while the number of cycles
required to cause the failure of the material is the fatigue propagation life. The fatigue life is the sum of
the fatigue crack initiation and propagation lives [30,31]. In this review, we mainly discuss VHCF.

Fatigue failure depends on other factors besides cyclic loads and temperature; these include the
oxidizing environment, embrittlement, structural deformation, strain rate, and frequency of applied
load. Various studies in the past have been devoted to LCF of engineering materials and the effect of
temperature on fatigue life. The studies showed that fatigue life also depends on other factors such as
strain rate, creep, oxidizing atmosphere, fretting cycle, frequency, and microstructural defects [30–35].
In fatigue failure, the dominating factor to damage is vague; hence, understanding of the failure
mechanism is elusive.

1.3. Fatigue Testing Parameters

In fatigue testing, the load cycle is characterized by various parameters such as load ratio
R (σmin/σmax), stress amplitude σa, mean stress σm, and stress range Δσ. Fatigue is evaluated in
terms of fatigue strength and fatigue limit. Fatigue strength is the value of stress at which failure
occurs after Nf cycles, while fatigue limit shows the limiting value of stress (Sf) at which failure
occurs, as Nf becomes very large [27]. Fluctuating stresses can be classified into various categories.
Commonly encountered stresses are tension-tension, compression-compression, pulsating, sinusoidal,
irregular, or random stress cycles [8].

The fatigue data are generally represented by the stress (σ) versus the log number of cycles to failure
(N). The S-N diagram is described for the value of the σm, or R (=−1), as shown in Figure 2. For Al alloys,
there is no well-defined stress region below which these alloys fail. Therefore, the endurance limit is
defined as the stress below which no failure occurs even for a large number of cycles (Nf), a measure of
non-ferrous alloys [36].

Figure 2. (a) Schematic of the S-N diagram and (b) S-N diagram of various metals and ferrous alloys [8].

The S-N diagram is employed to determine the number of cycles at a particular stress level
before a fracture occurs [36]. It allows the engineers to design an alloy for the desired service life
span, as shown in Figure 2a. Figure 2b presents the S-N diagram of various metals and alloys. We can
see that mostly steels and titanium exhibit fatigue limit compared to ductile metals like Al or Cu.
These diagrams only predict the fatigue limit of metals without any prior knowledge of cycles needed
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for crack nucleation and propagation, and the effect of sample dimensions. For ferrous alloys, there is
a well-defined fatigue limit, but no such limit is defined for non-ferrous alloys. S-N diagrams, therefore,
do not reveal the failure-free performance, hence more research is needed.

1.4. Fractography

In this section, we deal with a comparative morphology of LCF, HCF and VHCF fractured surfaces.
The fatigue fractured surfaces after failure are assessed by various types of surface features termed as
wavy beach patterns and striations, as shown in Figure 3 [37]. These features show the location of
the crack tip that appears as concentric ridges away from the crack nucleation site. Beach patterns or
clamshell marks can be seen with the naked eye and are of macroscopic dimensions. After analyzing
the high-resolution images, we can see other secondary cracks and deep striation marks (Figure 3a–e).

Figure 3. The fracture surface of S235JR steel shaft. (a) Overall surface; (b) origin of cracks;
(c) propagation zone; (d) secondary cracks; (e) fatigue striations [37].

Figure 3 shows the various types of cracks induced during fatigue failure of S235JR steel shaft.
Each beach pattern indicates a period during which the crack growth occurs, while the striation marks
that appeared in the fatigue fractography are microscopic features and can only be seen with electron
microscopy. Notably, thousands of striations exist within a beach pattern. The presence of these
features confirms the fatigue failure, but their absence may or may not point to fatigue failure [8,37].
According to the Forsyth et al. [38], two different types of striations exist in the LCF regime, ductile light
and dark bands, and brittle river like patterns. In the HCF regime of low-carbon steel, Kim et al. noticed
a plastic flow induced by plastic deformation as compared to surface microcracks and microfissures in
the LCF regime, as shown in Figure 4a–c [29].
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Figure 4. (a,b) The low cycle fatigue (LCF) fracture surface of low carbon steel tested at 2.0% strain,
(c) HCF fracture surface of low carbon steel tested at 0.5% strain, (d) Overall surface including “white
square” and “white circle” regions, (e) high resolution images of “white square” showing cracks and
(f) “white circle” showing striations in high cycle fatigue (HCF) regime recorded from (d). The “white
circle” in (d) shows fish-eye region observed at low resolution [29]. (g) A close view of fish-eye
morphology, (h) granular bright facet (GBF) region and inclusion morphology, (i) high-resolution image
of (h), and (j) fatigue crack propagation region. The fatigue failure was caused by inclusions in a bolt
steel (σa = 600 MPa, Nf = 4.38 × 108) [39] (with permission from Elsevier, 2020).

Additionally, in the HCF regime, a “fish-eye” morphology was observed due to crack initiation at
a CaO inclusions. The region under “white circle” corresponds to fish-eye (Figure 4d). Such fish-eye
feature is frequently noticed in VHCF of heterogeneous materials containing foreign inclusions.
Such inclusions originate during steel making from dephosphorization treatment. Distinct striations
can be seen at the fish-eye surface (Figure 4f). A similar observation was observed by Zhao et al. during
VHCF deformation of bolt steel [39]. The presence of inclusion was verified in their study at the site of
the fish-eye region, which is 350–400 μm (Figure 4g). Further inspection revealed that the granular
bright facet (GBF) region surrounding the fisheye was 70–100 μm (Figure 4h–i). The inclusion was
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mainly composed of Al2O3, MgO, CaO, etc., with a size of ∼25 μm. The propagation region showed
a wave like morphology (Figure 4j). Since we will focus on the VHCF behavior of materials, we will
discuss VHCF testing and the behavior of common engineering metals and alloys systems in the
following sections.

2. Very High Cycle Fatigue

With the continuous advancement in the high strength materials, the fatigue life of many
instruments has exceeded 108 load cycles. VHCF is a major design issue in various fields of applications
such as aircraft, auto parts, railways and jet engines. The fatigue life of various body parts like gas
turbines discs (1010), cylinder heads and blocks in a car engine (108), bearings, drilling equipment,
engines of high-speed trains, and ships (109), falls under VHCF [40,41].

2.1. Conventional Fatigue Testing

Conventional fatigue testing systems operate at a frequency of 20 Hz and run for years to reach
1010 cycles while testing a specimen. Therefore, a design system for VHCF is required with a reliable
S-N diagram. Piezoelectric transducers can be used to generate 20 kHz frequencies and can go up to
1010 in less than a week, but there is a disadvantage of increasing the temperature of the specimen
during the test, hence cooling is required. In some steels, the fatigue difference between 107 and
1010 cycles can be over 200 MPa. Therefore, VHCF equipments are usually operated at lower stress to
have a failure-free performance.

2.2. Ultrasonic Fatigue Testing

Ultrasonic fatigue test machines can provide the fatigue tests up to the VHCF range, which is the
major scope of this review. The commonly investigated fatigue testing frequency for ultrasonic fatigue
testing lies in the range of 15–30 kHz. Ultrasonic fatigue testing compresses the test time per cycle
significantly, as shown in Table 1.

Table 1. Conventional and ultrasonic fatigue testing time for 1010 cycles [41].

Fatigue Test Testing Time

Conventional fatigue tests (1 Hz) 320 years

Conventional fatigue tests (100 Hz) 3.2 years

Ultrasonic fatigue tests (20 kHz) 6 days

Hopkinson introduced the ultrasonic fatigue testing in the 20th century. He developed the
electromagnetic system with a resonance frequency of 116 Hz, which can test fatigue at a maximum
frequency of 33 Hz. Later in 1925, Jenkin tested the fatigue of Cu, Fe, and steel wires at 2.5 kHz.
Following these observations, in 1929, Lehmann and Jenkin developed a pulsed air resonance system
that can generate frequency up to 10 kHz. In 1950, Mason widened the scope of frequency window by
the use of high-power ultrasonic waves for fatigue testing up to 20 kHz, which formed the first modern
fatigue test equipment. Similarly, in the middle of the 20th century, higher frequencies were being
employed for fatigue tests—92 kHz by Gerald in 1959, followed by 199 kHz by Kikukawa in 1965 [3].

Ultrasonic fatigue testing is a time-saving and cost-effective approach in the VHCF testing.
The ultrasonic fatigue tester consists of a simple 20 kHz power generator and a piezoelectric converter
which converts signals into ultrasonic waves of the same frequency [40]. Further, an ultrasonic horn
amplifies these waves to get the desired stress amplitude, as shown in Figure 5a.
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Figure 5. (a) Schematic of the ultrasonic fatigue test unit and stress displacement curve, and (b) Load
train for R � −1. Mechanical components and stress displacement curves are shown for =−1 when both
mounting 1 and mounting 2 are omitted [42] (with permission from John Wiley and Sons, 2020).

The maximum stress is present in the central part of the specimen. The displacement becomes
maximum at the specimen terminals (A and B). Other accessories include amplitude control units,
oscilloscope, cycle counter, data acquisition systems like a camera, and displacement sensors. This form
of ultrasonic fatigue testing has been used by various researchers under fully reversed tension (R = −1).
With modern electromechanical or servo-hydraulic system attachments, such ultrasonic fatigue testing
can be performed for gigacycle fatigue tests with a range of positive R ratios. A three-point bending
test with R > 0 has been also used in the past [3]. Smooth or notched samples can be tested using these
instruments under uniaxial stress. Torsion testing machines have also been designed that work like
a uniaxial, under pulsed or continuous mode [43–45].

In addition, the ultrasonic fatigue test unit can also be used under various environments, such as
air cooling, elevated temperature [46,47], cryogenic environment [46], or corrosive media [47,48].
When the loading cycles are superimposed (R � −1), the sample is mounted on both sides such that
the length of load train rods is equal to 1

2 or one wavelength (Figure 5b). The mounting devices on
both sides exert tensile or compressive stresses at nodes [48]. Such superimposed tests can be done by
using the electromechanical or servo-hydraulic load frames to study the effect of different load ratios
(R � −1, −1, >0) on fatigue life [42,48].

3. Very High Cycle Fatigue of Engineering Materials

The VHCF behavior of different engineering materials varies. Therefore, the experimental database
of various materials generated over the last decade is essential. Based on the literature data, the fatigue
limit of some materials is in the range of 106–107 cycles. Besides, most of the high-strength materials
exhibit a gradual loss of fatigue strength beyond 107 load cycle. The engineering materials in the VHCF
regime can be broadly classified into two groups [40,41,49,50].

(1) Type 1: The gap of fatigue strength between 106 and 109 cycles is lower than 50 MPa; it includes
ductile, homogeneous, and pure metals; e.g., Cu, Ni, and their alloys, low-carbon steels, spheroid cast
iron, and some stainless steels;

(2) Type 2: In this category, the materials show a decrease in fatigue strength from 106 to 109 cycles.
The decrease in strength can be up to 50–300 MPa; it includes most of the high strength steels,
and most heterogeneous materials containing inclusions, pores, and a second phase that acts as a crack
initiation site.

We will review these two classes of materials (Type 1 and Type 2) in the following sections,
including the advanced high-entropy alloys (HEAs), briefly, and shed light on the S-N diagram as well
as the fracture surfaces of different materials undergoing VHCF behavior.
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3.1. Al Alloys

Al alloys are important for various manufacturing components in automobiles, space design,
and naval architectures that are subjected to VHCF. Tschegg and Mayer investigated the fatigue
behavior of AA 2024-T351 (Figure 6a). They used a testing frequency of 20 kHz under reversed load
cycles in water [19]. They revealed that the fatigue fractures initiated at the surfaces of the specimens.
The samples, tested in distilled water, caused a decrease in the fatigue strength of 30–40%. However,
some of the specimens in water did not fracture at 72 MPa even beyond 109 cycles due to the presence
of the alumina layer over the specimen surface. The cause of the failure was unclear, meaning it was
not certain whether the alumina layer was beneficial for further corrosion protection or not.

Figure 6. S-N diagram for (a) AA 2024-T351 (b) AlZnMgCu1.5-T66 and 6061/Al2O3/15p (the drawn
lines show the 50% probability of failure at 20 kHz) [19] (with permission from Elsevier, 2020).

Further comparison of age-hardenable 7XXX and particle-reinforced 6XXX series Al composites
showed no effect of cyclic frequency on lifetimes in VHCF regime, as shown in Figure 6b. Wang et al.
studied the piezoelectric assisted VHCF behavior of 7075-T6, 6061-T6, and 2024-T3 alloys at 20 kHz [51].
Their observation showed that fracture took place right up to the 109 cycles at nominal cyclic stresses.
The fracture surfaces showed voiding and faceting with discernible striation marks, except for
AA2024-T3, which showed ductile tearing instead of striation.

Various researchers have investigated the heat treatment of alloys to improve fatigue strength.
For example, Lee et al. investigated the VHCF behavior of a heat-treated non-Cu 7021 alloy at 20 kHz.
The stress amplitude of peak-aged 7021 Al alloy was higher by 50 MPa than that of the solutionized
alloy [52]. Oh et al. studied the HCF characteristics of AA 7075-T6 and 2024-T4 by shot peening.
By fractographic analysis, they showed that 2024-T4 had the maximum fatigue life, while there was
no improvement in fatigue life for 7075-T6. The reason was ascribed to the inside crack in 2024-T4
from shot peening while the crack was present on the surface for the 7075-T6 alloy. The un-peened
specimens exhibited a similar trend [53].

Koutiri et al. studied the HCF of AlSi7Cu0.5Mg0.3 alloys. They reported that the presence of
microstructural heterogeneities (IMCs, pores, Si particles, etc.) result in a different fatigue behavior.
They also concluded that the biaxial tensile stress state is not detrimental to HCF [54].

3.2. Mg Alloys

Mg alloys have attracted attention due to their low weight, good machinability, and high specific
strength and stiffness in many industries. Mg alloys find applications in structural parts of high-speed
engines where fatigue life exceeds 108 cycles. Thus, the VHCF behavior of Mg and its alloys are
essential for the high reliability of Mg components. Yang et al. reported the fatigue test of AZ31 alloy
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at 20 kHz ultrasonic frequency and R = −1 [55]. The fatigue strength was 89 MPa at 109 cycles without
any fatigue limit (Figure 7a).

Figure 7. (a) S-N diagram of AZ31 Mg alloy tested at 20 kHz ultrasonic frequency and R = −1, (b) low
and high-magnification scanning electron micrographs of the fracture surfaces of AZ31 alloy after
ultrasonic fatigue, (c,d) the optical microstructure of the specimen section parallel to the gauge length
before and after ultrasonic fatigue testing, respectively [55] (with permission from Elsevier, 2020).

Further analysis of the fracture surfaces (Figure 7b–d) showed that fatigue fracture originated
beneath the surface, and the mechanism of failure was due to the twinning deformation, as shown
in Figure 7d. Karr et al. employed a wrought AZ61 Mg alloy for ultrasonic fatigue testing in air.
The fatigue strength at 109 cycles was 98 MPa. They reported that the failure mechanism was due to
the formation of slip bands and their fracture with increasing load cycles at the surface [56].

The environmental effect on the fatigue behavior of Mg alloys was further studied in a study under
low to high humidity (80% RH) and salt brine solution (5 wt.% NaCl). It was shown that the fatigue life
of Mg alloys was reduced in high humidity and salt brine solutions due to the formation of corrosion
pitting, while steel and Al alloy showed no influence of humidity on fatigue life. In comparison,
there was a negligible effect on the fatigue life of steel and Al alloys. It was also shown that the
application of chemical conversion coatings or anodizing can increase the fatigue life of Mg alloys [57].

Nascimetto et al. studied the influence of crystal texture on fatigue failure of extruded AZ31 and
ZN11 Mg alloys. The AZ31 alloy was inhomogeneous and had strong fiber texture, which caused
strong asymmetry in the tensile and compressive yield strengths. The metallographic observations
revealed that the cracks are nucleated at the twin boundaries. Moreover, weakly textured and
homogeneous ZN11 alloy showed no twinning, and the fatigue failure of ZN11 was initiated by cyclic
slip deformation [58].
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3.3. Cu Alloys

Pure Cu is a Type 1 material and has no common defects (pore, inclusion) for fatigue initiation in
the VHCF range. We believe the fatigue fracture of Cu occurs at a threshold amplitude above which
the formation of persistent slip bands occurs, leading to final shear and failure. These shear bands are
not visible below the threshold near the VHCF range except for a minor surface roughening due to the
irreversible cyclic slip component of dislocations [59–61].

Figure 8a shows the formation of surface projections in due course of embryonic development
of crack for Type 1 materials. These rough surfaces later result in the formation of persistent slip
bands that induce fatigue failure. Figure 8b shows the comparison of the S-N diagram for various
types of Cu and ultrafine-grained Cu from the literature. In another study on microcrystalline for 109

cycles at stress amplitude (σ = 54 MPa), less stress was required to initiate slip band formation [60].
There was no instance of failure of the sample, even at the end of the 109 cycles. However, it was
noticed that the visible surface projections grew to slip bands after 109 cycles. Similarly, Kunz et al. and
Mughrabi et al. studied the VHCF behavior of ultrafine-grained Cu (300 nm) [60,61]. They found that
the fatigue strength of ultrafine-grained Cu was twice that of large-grained Cu from 104 to 109 cycles.
Contrariwise, high-purity ultrafine-grained Cu (99.99%) showed a lower fatigue strength, but it was
still higher than that of large-grained Cu, as it is unstable at high cycles [60,61]. Figure 8b shows the
comparison of the S-N diagram for commercial Cu and ultrafine-grained Cu [62,63].

Figure 8. Schematic for gradual surface roughening during fatigue failure. (a–c) Initial, mid, and final
surface roughening, respectively [59] (with permission from Elsevier, 2020); (d) a comparison of S-N
diagram for various commercial ultrafine-grained Cu [61] (with permission from Elsevier, 2020).

3.4. Ni Alloys

Nickel and its alloys are primarily known for the high-temperature and oxidation-resistant
applications in turbine blades and rotors which operate in the VHCF range. Bathias examined the
VHCF behavior of a Ni-Cr-Co alloy (UDIMET 500). He found that there is no visible effect of frequency
on fatigue in VHCF regime, though the fatigue strength showed a decreasing trend, as shown in
Figure 9 [64].
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Figure 9. (a) S-N diagram for Udimet 500 alloy. R = −1, (b) N18 nickel alloy at 450 ◦C [64]
(with permission from John Wiley and Sons, 2020).

In another example, high-temperature VHCF of N18 turbine disc alloys with inclusions were tested
in the VHCF range at 450 ◦C. The inclusion containing seeds had lesser fatigue strength compared to
unseeded ones, showing the destructive effect of inclusions in these alloys [64].

Chen et al. tested Inconel 718 for fatigue life at ambient temperature and R = −1. The S-N diagram
is shown in Figure 10. They showed that below a stress amplitude of 530 MPa, no failure took place,
even at 109 cycles. However, in some of the tests, the specimen failed beyond 107 load cycles. They also
showed that during VHCF, the initiation of cracks from the persistent slip bands does not depend on
the corresponding stress value [65].

Figure 10. Very high cycle fatigue (VHCF) data of Inconel 718 by conventional and ultrasonic fatigue
testing [65] (with permission from Elsevier, 2020).

The authors further studied and compared the effect of ultrasonic frequency on fatigue strength
(rotating bending: 50 Hz by Kawagoishi et al. [66], and in push-pull: 20/30 Hz fatigue by Korth et al. [67]).
The result showed that ultrasonic and rotating bending fatigue behave similarly, but there was a change
in the chemical composition of the tested push-pull specimens. These results are similar to others
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showing longer lives for various metals in the VHCF regime with unexpected degenerative effects,
and exceptions always exist [68].

3.5. Ti Alloys

Ti alloys are widely employed in aerospace industries where VHCF is common. In the VHCF
range, the fatigue behavior of Ti alloys is similar to that of steels [64]. Bathias et al. tested the most
widely employed Ti-6Al-4V alloy for fatigue at 20 kHz and R = −1. They revealed that the VHCF
fatigue behavior of Ti-6Al-4V is better than conventional fatigue testing results at lower frequencies [3].
The specimen also did not tear out with increased cycles in the VHCF range. Yan et al. [69] studied
the VHCF of Ti-6Al-4V and realized no fatigue limit, even after 109 cycles. The cracks initiated
mostly on the surface and beneath the surface at the VHCF regime. Brittle and ductile fractures were
observed during ultrasonic testing. During VHCF, the fatigue cracks initiated at heterogeneities like
platelets. In Ti-6Al-4V, the duplex structure consisting of primary α-platelets, the crack initiated from
these platelets.

Recently, Pan et al. studied the fatigue failure of gradient structured Ti-6Al-4V alloy, as shown in
Figure 11 [70]. The gradient structure of the Ti alloy was obtained by the pretorsion experiment in
the study theory. The results indicated that gradient Ti alloy showed better performance in LCF and
HCF, but failed in the VHCF range. Thus, the gradient structure does not enhance the HCF strength of
the Ti alloy. Their observations suggested that the VHCF is essential for the design of structural and
long-service-life Ti components.

Figure 11. (a) S-N diagram at R = −1 for as-received and pre-torsioned (gradient structured) Ti alloy,
(b) loading axis and fracture surface, (c) surface crack initiation in as-received Ti-6Al-4V, and (d) internal
crack initiation in gradient structured Ti alloy, σa = 187 MPa, Nf = 2.07 × 109 [70].

The failure occurred between 2.64 × 107 and 1.19 × 109 cycles at σa = 434–503 MPa, and gradient
structured alloy failed in the range of 5.78 × 107–4.23 × 109 cycles with a lower strength σa = 187 MPa.
The failure modes showed surface crack initiation for as-received, and internal crack initiation for
pre-torsioned specimens [70]. This type of fracture morphology is consistent with the fracture surfaces
of other Ti alloys tested under the VHCF regime.

3.6. Cast Iron and Steels

Cast irons are cheap materials with good ductility, strength, and wear resistance. Spheroid graphite
cast iron is most widely used in auto parts where the life expectancy of parts (suspension rods, gears,
shafts, etc.) exceeds 109 cycles. The corresponding S-N diagram and fracture surfaces are shown in
Figure 12. Wang et al. compared the VHCF of spheroidal cast iron at R = −1 and 0 with conventional

12



Metals 2020, 10, 1200

fatigue tests [71]. They found that the failure of specimens continued to occur beyond 107 cycles without
any fatigue limit; the effect of frequency was more pronounced for R = 0. The cracks were initiated at
the surface for 107 load cycles and internal surface for greater than 107 load cycles. In another study,
two different grades of ductile cast irons were examined [72].

Figure 12. (a) S-N diagram of ferritic = pearlitic EN GJS-600-3 and ferritic EN GJS-600-10 iron grades,
(b,c) fatigue fracture of EN GJS-600-3 specimen failure at 3.21 × 106 and 3.9 × 109 cycles, respectively,
from scanning electron micrograph, (d,e) fatigue fracture of EN GJS-600-10 failure at 1.7 × 107 and
2.79 × 109 cycles, respectively [72] (with permission from John Wiley and Sons, 2020).

The results showed a higher fatigue strength (167 MPa) at 108 cycles of the EN-GJS-600-3 grade
than that of the ferritic EN-GJS-600-10 grade (142 MPa). The microstructural observations showed that
the presence of pores affected fatigue strength significantly. In some cases, cracks were nucleated at the
nodule sites and propagated to ferrite island [72].

In another study, the authors tested low-carbon ferritic steel at R = −1. They showed that the
fatigue strength was merely decreased by 25 MPa between 106 and 109 cycles without any fatigue
limit. Figure 13a shows the S-N diagram of low-carbon steel at 20 kHz and R = 0.1 [73]. However,
a significant difference of 200 MPa fatigue strength was observed between 106 and 109 cycles for 17-4PH
martensitic stainless steel. In contrast, the S-N diagram of spring steels was asymptotic in the VHCF
regime until 1010 cycles [74].
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Figure 13. S-N diagram for (a) low carbon steel decreasing lifetime after 106 cycles, (b) 17-4PH
martensitic stainless steel decreasing after 107 cycles, (c,d) 54SC6 and 54SC7 (respectively) spring steels
until 1010 cycles at 20 kHz and R = −1 [73] (with permission from Elsevier, 2020).

Wang et al. noticed similar results in the investigation of ultra-high-strength steel springs made of
Cr-V and Cr-Si steel at 20 kHz and R = −1. Cr-V steel showed high stability to fatigue in the VHCF
range, while Cr-Si steel showed a drastic reduction in fatigue strength by 170 MPa beyond 109 cycles.
At lower cycles, the crack initiated on the surface, while in the VHCF range, the cracks are present
beneath the surface [75].

Sohar et al. studied the VHCF behavior of AISI D2 cold-worked steel at 20 kHz and R = −1.
They found the crack initiation sites at primary carbides in the steel matrix and surface. These carbides
were fractured during the fatigue and are responsible for a dramatic decrease in fatigue strength to
300 MPa in VHCF regime [76].

Sakai et al. investigated the VHCF properties of high C and high Cr-bearing steel (JIS: SUJ2) at
50 Hz and R = −1. The quenching of the specimens was done at 1108 K/40 min in oil. Air tempering
of the specimens was also done at 453 K/120 min, followed by cooling. The fracture initiated on the
surface and also inside the surface [77]. Besides, a circular region defined as the fish-eye was observed
at the inclusion site in the air tempered sample.

Wang et al. also observed the fish-eye crack in his investigation on Cr-Fe-rich high-strength
martensitic steel [78]. They observed the formation of the fish-eye at the site of the inclusions, as shown
in Figure 14a–d. All these results are consistent with the reports on the VHCF study. The fish-eye is the
most characteristic feature in the VHCF fracture formed by the change in the rate of crack propagation
in the specimen at the discontinuity site.
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Figure 14. (a–d) The fish-eye region in high-Cr martensitic steel after VHCF [78].

Oh et al. investigated the influence of laser irradiation and vibration peening on the ultrasonic
fatigue behavior of AISI4140 alloy at 20 kHz and R = −1 [79]. They found that laser irradiation
increased the fatigue strength of AlSI4140 when the temperature is around 700 ◦C or more, obtaining
the highest fatigue strength at 800 ◦C. The laser irradiation provided sufficient energy to complete
the transformation of austenite to martensite, which enhanced the fatigue behavior as compared to
peened specimens.

3.7. Inference on VHCF of Engineering Materials

Most of the engineering metals and alloys do not exhibit fatigue limit; they even show
a continuously reduced strength beyond 109 cycles. This behavior varies for different materials,
and various factors in this process are not clearly understood in the literature. The only difference is that
lower fatigue strength is obtained at 109 over 106 cycles in the VHCF regime. Therefore, the conventional
fatigue limit of 106 cycles does not lie in the VHCF range.

Fortunately, the reason for fatigue failure can be discerned by the analysis of fracture surfaces.
The weakest sites of failure can be identified as microstructural defects, inclusions, pores, inhomogeneity,
platelets, and abnormal grain growth, as seen in Ti alloys or secondary reinforcements in the case of
composites. The formation of slip bands is a major weak site in ductile metals like Cu or Al concerning
VHCF. Amongst steels, the fatigue initiation sites are inclusions, carbides, pore, or slags segregations.
The advanced high entropy alloys discovered recently have shown good fatigue behavior but there are
limited investigations on the VHCF of these alloys, which is beyond the scope of this review [80–83].

4. Duplex S-N Curve

For materials undergoing VHCF failure, the conventional S-N diagram is modified as a duplex
or multistage S-N curves, as shown in Figure 15 [84]. The existence of fatigue limits in the VHCF
range is ambiguous, as shown in Figure 15. One has to distinguish between the surface and internal
cracks based on the experimental evidence such as from fracture surfaces. A gradual shift from surface
stress to the failures initiating the internal defects with higher cycles, leading to the development of
“fish-eye”, has been shown to occur [85,86].
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Figure 15. Duplex S-N diagram for various materials in different life cycles [87] (with permission from
Elsevier, 2020).

4.1. Stages in Very High Cycle Fatigue

The fatigue fracture in the VHCF range can be split into multiple stages. (1) Stage 1 describes
an LCF region where failure occurs from the surface and depicts surface fatigue strength. (2) Stage 2
describes an HCF region. Here, the stress required for the initiation of the persistent band is smaller
than the threshold stress. (3) Stage 3 shows the crack initiation at internal defects and crack propagation
within and outside the fish-eye and depicts the volume fatigue strength. Stages 2 and 3 constitute the
conventional S-N diagram. As already discussed, the fish-eye is a characteristic of VHCF, which is
a circular zone with an area of 0.5–1 mm diameter surrounding the origin site as internal circular crack
propagation [88].

Several researchers have shown that fatigue life for crack initiation is greater than 90% across
106–107 cycles for steels, Ti, Al, and Ni alloys. This value is higher for VHCF—up to 99%. Paris et al.
reported that the number of cycles in crack propagation life is only a small fraction of total fatigue
life [19,89,90]. Therefore, understanding of causes of fatigue nucleation in a lifetime for materials
under certain conditions is required. (4) Stage 4 represents the growth of internal microcracks and their
propagation, which is slower than the surface microcracks. This may be due to their partially reversible
slip formation. The presence of this region has been debated in several reports. Several reports
discussed the non-existence of Stage 4 [40,41,49,50,64]; however, there are exceptions as well [85].

4.2. Single Phase and Multi-Phase Materials

Single-phase (type I) and multi-phase materials (type II) have a distinct impact on the VHCF
behavior, as shown in various reports [84,91,92]. It has been seen that for typical type II materials,
for example, high-strength steel, Al, Ti, and Mg alloys [85,93–95], the crack initiation in the VHCF
regime occurs at the foreign inclusions inside, which acquire a fish-eye shaped structure [96–100].
On the contrary, featureless crack initiation sites are also noticed without any fish-eye, showing no
visible effect of inclusions in aluminium alloys [101]. Such exceptions in the VHCF regime are unclear.
In this regard, Davidson [102] explained that the microplastic deformation is mostly concentrated
along largest grains termed as “supergrains”. In contrast, Knobbe et al. [103] observed that in dual
phase steel, surrounding phases or grains also contribute to the crack initiation and propagation.

Mughrabi [84,104] et al. proposed that VHCF failure begins at the surface due to irreversible or
partially reversible deformed grains at surface for Type I materials. Continuous loading in the VHCF

16



Metals 2020, 10, 1200

regime causes rough surface and persistent slip band formation. Weidner et al. [105] demonstrated the
formation of such slip bands in Cu in the VHCF regime. In addition, the stress amplitudes for crack
propagation might be greater than the threshold for slip band formation [106,107].

The S-N diagram of type II materials has a multistage fatigue life. The failure of a ‘classical’
fatigue limit beyond 107 cycles is correlated to the crack initiation sites and heterogeneities in the
microstructure [59,85,87]. In contrast, type I materials do not necessarily exhibit multistage S-N
diagram. The crack initiation occurs on account of localized and not fully reversible plastic deformation
at the surface. The localized formation of persistent slip bands during VHCF regime might be detected
without failure of the material because of the lower stresses for crack growth [108,109].

4.3. Origins of Very High Cycle Fatigue Failures

As discussed, VHCF cracks generally initiate from the microstructural defects such as inclusion in
steels, or pores in powder metallurgy processed materials. Large carbides or carbide clusters can also
cause crack initiations in cast iron and some steels. In other materials such as Ti alloys, where there
is no inclusion or pores, the crack originates from the other heterogeneities like platelets of primary
alpha phase, abnormal grains, or perlite colonies. These microstructural discontinuities serve as stress
concentration raisers, even at smaller loads for fatigue initiation.

In the VHCF range, the failure is mostly from the internal cracks due to a higher possibility of
such defects present in the bulk rather than on the surface. Among soft materials (Cu or Al), VHCF
begins from the surface roughening due to the formation of slip bands, even after several cycles.
The formation of such persistent slip bands leads to immediate cracking and failure [59,60]. In cast
Al-Si alloys, the VHCF that begins at the band is due to the presence of a high amount of pores on the
specimen surface. It is to be noted that research on the VHCF behavior of materials is now gripping
the research community but the major fatigue mechanisms are still under debate and need to be
investigated in depth.

4.4. Effect of Various Factors on Very High Cycle Fatigue

Tschegg et al. performed a series of VHCF investigations on metallic materials at various stress
ratios (R = −1 to +0.5). They observed an R-dependence of the fatigue crack growth rate for chromium
steel [110]. They also investigated the effect of environment (air, humidity and dry air) on the fatigue
crack growth of VHCF of AA2024-T3. The fatigue growth rate was found to lie in the order of humid
air < dry air < vacuum [111]. Naito et al. studied the effect of carburization on VHCF behavior of
Cr-Mo steel [17]. They found that dual-stage S-N property was dominating for carburized specimens,
while a smooth S-N diagram was evident for electropolished specimens. Nakamura et al. [112]
investigated the VHCF tests on Ti-6Al-4V at room atmosphere and in vacuum. Their results indicated
that fatigue life in the vacuum was longer as compared to that in room atmosphere at higher stress
(>860 MPa), but no difference was noticed at lower stress levels (<860 MPa) when internal fracture
occurred. Nishijima et al. investigated the effect of temperature for SCMV2 steel [85]. It was shown
that the S-N diagram had a clear fatigue limit at room temperature and 200°C. However, at elevated
temperatures, the S-N diagram had another curve for internally initiated fracture beyond N > 107.
There are other reports on environmental effects but the authors chose some selected ones [113,114].

Sakai et al. studied the effect of aging treatment on VHCF behavior of maraging steels in rotating
bending [115]. They found that the fatigue life of the aged specimen is higher by 10–100 times than
without aging. They explained that this is due to the result of precipitation strengthening in the aged
specimen. However, there was no visible effect of aging on the fatigue limit (600–625 MPa). Therefore,
great attention is needed in real life applications of maraging steels in VHCF regime.

4.5. Failure Mechanisms until “Conventional Fatigue Limit” and Beyond

The failure mechanisms beyond the conventional fatigue limit are associated with very low crack
growth rates. In microcrystalline engineering materials, a number of heterogeneities exist in the
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material (inclusion, precipitates and grain boundaries) which can initiate the cracks. It is inferred
that this is most destructive situation for an engineering plant designed for more than 106 cycles
where low cyclic stresses at a high mean stress level with or without the aforementioned fracture
mechanisms [116,117]. The cracks may penetrate below the surface and grow in size compared to the
non-propagating cracks. There are certain reports which demonstrate multiple fracture failure (surface
and interior failures, fish-eye-induced failures, granular-area-fish-eye-induced failure, and/or optically
dark-area-fish-eye failures) [116–118]. New methods and models need to be consistently designed for
106–1012 cycles other than current ultrasonic fatigue testing to more precisely determine the cause of
multiple fracture mechanisms.

5. Decreasing Fatigue Strength in Very High Cycle Fatigue Regime

A drastic decrease in fatigue strength has been reported in the past for metallic materials [119–123].
It is noteworthy that traditional servo-hydraulic fatigue equipment, resonators, and shakers operate up
to 400 Hz compared to ultrasonic fatigue equipment, which allow frequencies up to 100 times larger
(40 kHz). Such a high frequency makes the VHCF test possible in the giga cycles (109 ) up to 1012

within a short time [3,19,73,124–126]. On the other hand, ultrasonic fatigue testing has some demerits,
for instance, small specimens (d < 10 mm) are needed. Cooling or self-heating of the specimen must be
taken into account. A direct correlation of data from low frequency testing and from ultrasonic fatigue
testing is not always feasible [126,127].

6. Future Prospects

The conventional fatigue testing can be performed with the usual frequencies at high cycles by
developing high-efficiency testing machines in different loading conditions. Ultrasonic fatigue testing
is a useful tool to study the fatigue life in actual ultrasonic loading and designing of new materials
for mankind. The fatigue behaviors of materials under usual frequencies (<100 Hz) and ultrasonic
frequencies should be carefully examined under nominal frequencies like 20–50 kHz. For materials
that work under extreme conditions, we need to develop a standard fatigue procedure and analytical
models in the near future, for the sake of comparison of fatigue test data at different load cycle
regimes. The previous literature indicates that VHCF behavior of engineering materials is still not
completely understood. The multiple sources of failure in VHCF require advanced methods or
equipment, not often using current ultrasonic-based fatigue testing systems. Ultrasonic fatigue systems
do not consider time-dependent effects, yet they are the only feasible means to evaluate the VHCF
mechanisms. Therefore, there is a great need to develop a general model governing all fatigue regimes
(including variations in loading forms, such as torsion and blending) which can be applied for fatigue
life prediction of materials.

7. Concluding Remarks

Owing to the developments in high-strength materials, it has become necessary to study the
fatigue of these materials beyond the regular load cycle regime. The material research developments
in the VHCF regime are now rising worldwide. Among advanced HEAs, limited studies on VHCF
exist. Based on the previous data of conventional alloys, the study and understanding of fatigue
behavior, not only at low cycles but also at VHCF, is in demand for novel applications of HEAs.
The fatigue behavior at elevated temperatures and in corrosive media should also be examined for
the new generation of HEAs. Ultrasonic fatigue testing is an excellent option for the study of the
VHCF behavior of engineering materials; it allows a range of loading cycles at various temperatures.
It also allows the selection of environments for fatigue testing. Almost 99% of the fatigue life is needed
for crack nucleation in the VHCF regime. Therefore, it is essential to understand the crack initiation
mechanism and new tools to recognize the respective cause and conditions. Possible crack initiation
sites could be metallurgical discontinuities and heterogeneities in the specimens: shrinkage, casting
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defects, inclusions, porosity, interfaces, unusual grain growth, platelets, formation of slip bands, etc.
A standard database is also needed for testing VHCF.

Considering various influential VHCF factors and their relevance, it is difficult to develop
a common model to understand VHCF for all steels or metals, or even a small domain like tool
steels. Therefore, the best way to understand the fatigue behavior in the VHCF regime is only to test
them using equipment and observe the changes at microstructural levels, individually. Consequently,
we can figure out ways of improving the fatigue strength of a material. Although the experimental
fatigue data are scarce in the literature, further verification and comparison can be made at VHCF.
The fatigue of HEAs can be a key to overcoming and improving new materials and alloy designing for
future applications.
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parameters. Eng. Fract. Mech. 2017, 185, 284–300. [CrossRef]

17. Naito, T.; Ueda, H.; Kikuchui, M. Fatigue behavior of carburized steel with internal oxides and nonmartensitic
micro-structure near the surface. Metall. Trans. 1984, 15A, 1431–1436. [CrossRef]

19



Metals 2020, 10, 1200

18. Asami, K.; Sugiyama, Y. Fatigue strength of various surface hardened steels. J. Heat. Treat. Technol. Assoc.
1985, 25, 147–150.

19. Stanzl-Tschegg, S.E.; Mayer, H.R. Fatigue and fatigue crack growth of aluminium alloys at very high numbers
of cycles. Int. J. Fatigue 2001, 23, 231–237. [CrossRef]

20. Mayer, H.; Schuller, R.; Fitzka, M. Fatigue of 2024-T351 aluminium alloy at different load ratios up to
1010 cycles. Int. J. Fatigue 2013, 57, 113–119. [CrossRef]

21. Morrissey, R.J.; Nicholas, T. Fatigue strength of Ti-6Al-4V at very long lives. Int. J. Fatigue 2005, 27, 1608–1612.
[CrossRef]

22. Szczepanski, C.J.; Jha, S.K.; Larsen, J.M.; Jones, J.W. Microstructural influences on very-high-cycle fatigue
crack initiation in Ti-6246. Metall. Mater. Trans. A 2008, 39, 2841–2851. [CrossRef]

23. Furuya, Y.; Takeuchi, E. Gigacycle fatigue properties of Ti-6Al-4V alloy under tensile mean stress. Mater. Sci.
Eng. A 2014, 598, 135–140. [CrossRef]

24. Liu, X.; Sun, C.; Hong, Y. Effects of stress ratio on high-cycle and very-high-cycle fatigue behavior of
a Ti-6Al-4V alloy. Mater. Sci. Eng. A 2015, 622, 228–235. [CrossRef]

25. Li, S.X. Effects of inclusions on very high cycle fatigue properties of high strength steels. Int. Mater. Rev.
2012, 57, 92–114. [CrossRef]

26. Zimmermann, M. Diversity of damage evolution during cyclic loading at very high numbers of cycles.
Int. Mater. Rev. 2012, 57, 73–91. [CrossRef]

27. Bathias, C. Fatigue Limit in Metals; Focus Series; John Wiley and Sons, Inc.: Hoboken, NJ, USA, 2003.
28. Liu, H.; Wang, H.; Huang, Z.; Wang, Q.; Chen, Q. Comparative study of very high cycle tensile and torsional

fatigue in TC17 titanium alloy. Int. J. Fatigue 2020, 139, 105720. [CrossRef]
29. Kim, Y.; Hwang, W. High-cycle, low-cycle, extremely low-cycle fatigue and monotonic fracture behaviors of

low-carbon steel and its welded joint. Materials 2019, 12, 4111. [CrossRef] [PubMed]
30. Kanazawa, K.; Yamaguchi, K.; Nishijima, S. Mapping of low cycle fatigue mechanisms at elevated

temperatures for an austenitic stainless steel. ASTM Spec. Tech. Publ. 1988, 942, 519–530.
31. Murakami, Y.; Miller, K.J. What is fatigue damage? A viewpoint from the observation of a low cycle fatigue

process. Int. J. Fatigue 2005, 27, 991–1005. [CrossRef]
32. Campbell, R.D. Creep/fatigue interaction correlation for 304 stainless steel subjected to strain-controlled

cycling with hold times at peak strain. J. Eng. Ind. 1971, 93, 887–892. [CrossRef]
33. Coffin, L.F.M. Corrosion fatigue. Natl. Assoc. Corros. Eng. 1972, 2, 590–600.
34. Wareing, J.; Tomkins, B.; Sumner, G. Fatigue at elevated temperatures. Am. Soc. Test. Mater. ASTM STP 1973,

520, 123–138.
35. Yamaguchi, K.; Kanazawa, K. Influence of grain size on the low-cycle fatigue lives of austenitic stainless

steels at high temperatures. Metall. Trans. A 1980, 10, 1691–1699. [CrossRef]
36. Beer, F.P.; Johnston, E.R. Mechanics of Materials; McGraw-Hill: New York, NY, USA, 1992.
37. Tomaszewski, T. Statistical size effect in fatigue properties for mini-specimens. Materials 2020, 13, 2384.

[CrossRef] [PubMed]
38. Forsyth, P.J.E.; Stubbington, C.A.; Clark, D. Cleavage facets observed on fatigue-facture surfaces in

an aluminum alloy. J. Inst. Met. 1962, 90, 238–239.
39. Zhao, P.; Wang, X.R.; Yan, E.; Misra, R.D.K.; Du, C.M.; Du, F. The influence of inclusion factors on ultra-high

cyclic deformation of a dual phase steel. Mater. Sci. Eng. A 2019, 754, 275–281. [CrossRef]
40. Martina, Z. Very high cycle fatigue. In Handbook of Mechanics of Materials; Hsueh, C.-H., Schmauder, S.,

Chen, C.S., Chawla, K.K., Chawla, N., Chen, W., Kagawa, Y., Eds.; Springer: Singapore, 2018.
41. Kuhn, H.; Medlin, D. Mechanical Testing and Evaluation. In ASM Handbook; ASM International:

Materials Park, OH, USA, 2000; Volume 8.
42. Mayer, H. Recent developments in ultrasonic fatigue. Fatigue Fract. Eng. Mater. Struct. 2016, 39, 3–29.

[CrossRef]
43. Stanzl-Tschegg, S.E.; Mayer, H.R.; Tschegg, E.K. High frequency method for torsion fatigue testing. Ultrasonics

1993, 31, 275–280. [CrossRef]
44. Mayer, H. Ultrasonic torsion and tension-compression fatigue testing: Measuring principles and

investigations on 2024-T351 aluminium alloy. Int. J. Fatigue 2006, 28, 1446–1455. [CrossRef]

20



Metals 2020, 10, 1200

45. Nikitin, A.; Bathias, C.; Palin-Luc, T. A new piezoelectric fatigue testing machine in pure torsion for ultrasonic
gigacycle fatigue tests: Application to forged and extruded titanium alloys. Fatigue Fract. Eng. Mater. Struct.
2015, 38, 1294–1304. [CrossRef]

46. Wagner, D.; Cavalieri, F.J.; Bathias, C.; Ranc, N. Ultrasonic fatigue tests at high temperature on an austenitic
steel. Propuls. Power Res. 2012, 1, 29–35. [CrossRef]

47. Palin-Luc, T.; Perez-Mora, R.; Bathias, C.; Dominguez, G.; Paris, P.C.; Arana, J.-L. Fatigue crack initiation
and growth on a steel in the very high cycle regime with sea water corrosion. Eng. Fract. Mech. 2010,
77, 1953–1962. [CrossRef]

48. Perez-Mora, R.; Palin-Luc, T.; Bathias, C.; Paris, P.C. Very high cycle fatigue of a high strength steel under
sea water corrosion: A strong corrosion and mechanical damage coupling. Int. J. Fatigue 2015, 74, 156–165.
[CrossRef]

49. Marines-Garcia, I.; Paris, P.C.; Tada, H.; Bathias, C.; Lados, D. Fatigue crack growth from small to large cracks
on very high cycle fatigue with fish-eye failures. Eng. Fract. Mech. 2008, 75, 1657–1665. [CrossRef]

50. Hailong, D.; Wei, L.; Tatsuo, S.; Zhenduo, S. Very high cycle fatigue failure analysis and life prediction of
Cr-Ni-W gear steel based on crack initiation and growth behaviors. Materials 2015, 8, 8338–8354.

51. Wang, Q.Y.; Li, T.; Zeng, X.Z. Gigacycle fatigue fehavior of high strength aluminum alloys. Procedia Eng.
2010, 2, 65–70. [CrossRef]

52. Lee, B.H.; Park, S.W.; Hyun, S.K.; Cho, I.S.; Kim, K.T. Mechanical properties and very high cycle fatigue
behavior of peak-aged AA7021 alloy. Metals 2018, 8, 1023. [CrossRef]

53. Oh, K.K.; Kim, Y.W.; Kim, J.H. High cycle fatigue characteristics of aluminum alloy by shot peening.
Adv. Mater. Res. 2015, 1110, 142–147. [CrossRef]

54. Koutiri, I.; Bellett, D.; Morel, F.; Augustins, L.; Adrien, J. High cycle fatigue damage mechanisms in cast
aluminium subject to complex loads. Int. J. Fatigue 2013, 47, 44–57. [CrossRef]

55. Yang, F.; Yin, S.M.; Li, S.X.; Zhang, Z.F. Crack initiation mechanism of extruded AZ31 magnesium alloy in
the very high cycle fatigue regime. Mater. Sci. Eng. A 2008, 491, 131–136. [CrossRef]

56. Karr, U.; Stich, A.; Mayer, H. Very high cycle fatigue of wrought magnesium alloy AZ61.
Procedia Struct. Integrity 2016, 2, 1047–1054. [CrossRef]

57. Bhuiyan, M.S.; Mutoh, Y.; Murai, T.; Iwakam, S. Corrosion fatigue behavior of extruded magnesium alloy
AZ80-T5 in a 5% NaCl environment. Eng. Fract. Mech. 2010, 77, 1567–1576. [CrossRef]

58. Nascimento, L.; Yi, S.; Bohlen, J.; Fuskova, L.; Letzig, D.; Kainer, K.U. High cycle fatigue behaviour of
magnesium alloys. Procedia Eng. 2010, 2, 743–750. [CrossRef]

59. Mughrabi, H. Specific features and mechanisms of fatigue in the ultrahigh-cycle regime. Int. J. Fatigue 2006,
28, 1501–1508. [CrossRef]

60. Mughrabi, H.; Hoppel, H.W.; Kautz, M. Fatigue and microstructure of ultrafine-grained metals produced by
severe plastic deformation. Scr. Mater. 2004, 51, 807–812. [CrossRef]

61. Kunz, L.; Lukas, P.; Svoboda, M. Fatigue strength, microstructural stability and strain localization in
ultrafine-grained copper. Mater. Sci. Eng. A 2006, 424, 97–104. [CrossRef]

62. Agnew, S.R.; Vinogradov, A.Y.; Hashimoto, S.; Weertman, J.T. Fatigue crack growth and related microstructure
evolution in ultrafine grain copper processed by ECAP. Mater. Trans. 2012, 53, 101–108.

63. Vinogradov, A.; Hashimoto, S. Multiscale phenomena in fatigue of Ultra-fine grain materials—An Overview.
Mater. Trans. 2001, 42, 74–84. [CrossRef]

64. Bathias, C. There is no infinite fatigue life in metallic materials. Fatigue Fract. Eng. Mater. Struct. 1999,
22, 559–565. [CrossRef]

65. Chen, Q.N.; Kawagoishi, Q.Y.; Wang, N.; Yan, T.; Ono, G.; Hashiguchi, G. Small crack behavior and fracture
of nickel-based superalloy under ultrasonic fatigue. Int. J. Fatigue 2005, 27, 1227–1232. [CrossRef]

66. Kawagoishi, N.; Chen, Q.; Nisitani, H. Fatigue strength of Inconel 718 at elevated temperatures. Fatigue Fract.
Eng. Mater. Struct. 2000, 23, 209–217. [CrossRef]

67. Korth, G.E.; Smolik, G.R. Status Report of Physical and Mechanical Test of Alloy 718; Report TREE-1254;
EG&G Idaho, Inc.: Idaho Falls, ID, USA, 1978.

68. Willertz, L.E. Ultrasonic fatigue. Int. Met. Rev. 1980, 25, 65–78. [CrossRef]
69. Yan, N.; Zhu, X.; Han, D.; Liu, F.; Yu, Y. Very high cycle fatigue behavior of Ti-6Al-4V alloy. In Proceedings

of the 4th Annual International Conference on Material Engineering and Application (ICMEA 2017),
Wuhan, China, 15–17 December 2017.

21



Metals 2020, 10, 1200

70. Pan, X.; Qian, G.; Wu, S.; Fu, Y.; Hong, Y. Internal crack characteristics in very-high-cycle fatigue of a gradient
structured titanium alloy. Sci. Rep. 2020, 10, 4742. [CrossRef]

71. Wang, Q.Y.; Bathias, C. Fatigue characterization of a spheroidal graphite cast iron under ultrasonic loading.
J. Mater. Sci. 2004, 39, 687–689. [CrossRef]

72. Bergstrom, J.; Burman, C.; Svensson, J.; Jansson, A.; Ivansson, C.; Zhou, J.; Valizadeh, S. Very high cycle
fatigue of two ductile iron grades. Steel Res. Int. 2016, 87, 614–621. [CrossRef]

73. Marines, I.; Bin, X.; Bathias, C. An understanding of very high cycle fatigue of metals. Int. J. Fatigue 2003,
25, 1101–1107. [CrossRef]

74. Bathias, C.; Drouillac, L.; Francois, P.L. How and why the fatigue S-N curve does not approach a horizontal
asymptote. Int. J. Fatigue 2001, 23, 143–151. [CrossRef]

75. Wang, Q.Y.; Berard, J.Y.; Rathery, S.; Bathias, C. High-cycle fatigue crack initiation and propagation behaviour
of high-strength spring steel wires. Fatigue Fract. Eng. Mater. Struct. 1999, 22, 673–677. [CrossRef]

76. Sohar, C.; Betzwar-Kotas, A.; Gierl, C.; Weiss, B.; Danninger, H. Gigacycle fatigue behaviour of a high
chromium alloyed cold work tool steel. Int. J. Fatigue 2008, 30, 1137–1149. [CrossRef]

77. Sakai, T.; Sato, Y.; Oguma, N. Characteristic S-N properties of high-carbon-chromium bearing steel under
loading in long-life fatigue. Fatigue Fract. Eng. Mater. Struct. 2002, 25, 765–773. [CrossRef]

78. Wang, J.; Yang, Y.; Yu, J.; Wang, J.; Du, F.; Zhang, Y. Fatigue life evaluation considering fatigue reliability and
fatigue crack for FV520B-I in VHCF regime based on fracture mechanics. Metals 2020, 10, 371. [CrossRef]

79. Oh, M.C.; Yeon, H.; Jeon, Y.; Ahn, B. Microstructural characterization of laser heat treated AISI 4140 steel
with improved fatigue behavior. Arch. Metall. Mater. 2015, 60, 1331–1334. [CrossRef]

80. Cantor, B.; Chang, I.T.H.; Knight, P.; Vincent, A.J.B. Microstructural development in equiatomic
multicomponent alloys. Mater. Sci. Eng. A 2004, 375–377, 213–218. [CrossRef]

81. Zhang, Y.; Zuo, T.T.; Tang, Z.; Gao, M.C.; Dahmen, K.A.; Liaw, P.K. Microstructures and properties of
high-entropy alloys. Prog. Mater. Sci. 2017, 61, 1–93. [CrossRef]

82. Sharma, A. High-Entropy Alloys for Micro- and Nanojoining Applications. In Engineering Steels and High
Entropy-Alloys; Sharma, A., Ed.; Intechopen: Rijeka, Croatia, 2020.

83. Sharma, A.; Kumar, S.; Duriagina, Z. Engineering Steels and High Entropy-Alloys; IntechOpen Publishers:
Rijeka, Croatia, 2020.

84. Mughrabi, H. On ’multi-stage’ fatigue life diagrams and the relevant life-controlling mechanisms in
ultrahigh-cycle fatigue. Fatigue Fract. Eng. Mater. Sruct. 2002, 25, 755–764. [CrossRef]

85. Nishijima, S.; Kanazawa, K. Stepwise S-N curve and fish-eye failure in gigacycle fatigue. Fatigue Fract. Eng.
Mater. Struct. 1999, 22, 601–607. [CrossRef]

86. Tian, H.; Kirkham, M.J.; Jiang, L.; Yang, B.; Wang, G.; Liaw, P.K. A review of failure mechanisms of ultra high
cycle fatigue in engineering materials. In Proceedings of the 4th Internationa Conference on Very High Cycle
Fatigue, VHCF-4, Ann Arbor, MI, USA, 19–22 August 2007; pp. 437–444.

87. Pyttel, B.; Schwerdt, D.; Berger, C. Very high cycle fatigue—Is there a fatigue limit? Int. J. Fatigue 2011,
33, 49–58. [CrossRef]

88. Tridelloa, A.; Paolinoa, D.S.; Chiandussia, G.; Rossetto, M. VHCF strength decrement in large H13 steel
specimens subjected to ESR process. Procedia Struct. Integr. 2016, 2, 1117–1124. [CrossRef]

89. Billaudeau, T.; Nadot, Y. Support for an environmental effect on fatigue mechanisms in the long life regime.
Int. J. Fatigue 2004, 26, 839–847. [CrossRef]

90. Marines-Garcia, I.; Paris, P.C.; Tada, H.; Bathias, C. Fatigue crack growth from small to large cracks in
gigacycle fatigue with fish-eye failures. In Proceedings of the 9th International Fatigue Congress, Atlanta, GA,
USA, 14–19 May 2006.

91. Bayraktar, E.; Marines-Garcia, I.; Bathias, C. Failure mechanisms of automotive metallic alloys in very high
cycle fatigue range. Int. J. Fatigue 2006, 28, 1521–1532. [CrossRef]

92. Tschegg, S.S.; Mughrabi, H.; Schönbauer, B. Life time and cyclic slip of copper in the VHCF regime.
Int. J. Fatigue 2007, 29, 2050–2059.

93. Murakami, Y.; Nomoto, T.; Ueda, T. Factors influencing the mechanism of superlong fatigue failure in steels.
Fatigue Fract. Eng. Mater. Struct. 1999, 22, 581–590. [CrossRef]

94. Zhu, K.; Jones, J.W.; Mayer, H.; Lasecki, J.V.; Allison, J.E. Effects of microstructure and temperature on
fatigue behavior of E319-T7 cast aluminum alloy in very long life cycles. Int. J. Fatigue 2006, 28, 1566–1571.
[CrossRef]

22



Metals 2020, 10, 1200

95. Berger, C.; Pyttel, B.; Trossmann, T. Very high cycle fatigue tests with smooth and notched specimens and
screws made of light metal alloys. Int. J. Fatigue 2006, 28, 1640–1646. [CrossRef]

96. Awatani, J.; Katagiri, K.; Omura, A.; Shiraishi, T. Study of the fatigue limit of copper. Metall. Trans. A 1975,
6, 1029–1034. [CrossRef]

97. Nguyen, H.Q.; Gallimard, L.; Bathias, C. Numerical simulation of fish eye fatigue crack growth in very high
cycle fatigue. Eng. Fract. Mech. 2015, 135, 81–93. [CrossRef]

98. Furuya, Y.; Matsuoka, S. Improvement of gigacycle fatigue properties by modified ausforming in 1600 and
2000 MPa-class low-alloy steel. Met. Trans. A 2002, 33, 3421. [CrossRef]

99. Mayer, H.; Haydn, W.; Schuller, R.; Issler, S.; Bacher-Höchst, M. Very high cycle fatigue properties of bainitic
high carbon-chromium steel under variable amplitude conditions. Int. J. Fatigue 2009, 31, 242. [CrossRef]

100. Terent’ev, V.F. On the Problem of the Fatigue Limit of Metallic Materials. Metal Sci. Heat Treat. 2004,
46, 244–249. [CrossRef]

101. Pyttel, B.; Schwerdt, C.; Berger, C. Very high cycle fatigue behaviour of two different aluminium wrought
alloys. In Proceedings of the 4th Internationa Conference on Very High Cycle Fatigue, VHCF-4, Ann Arbor, MI,
USA, 19–22 August 2007; Allison, J.E., Jones, J.W., Larsen, J.M., Ritchie, R.O., Eds.; pp. 313–318.

102. Davidson, D.L. The effect of a cluster of similarly oriented grains (a supergrain) on fatigue crack initiation
characteristics of clean material. In Proceedings of the 4th International Conference on Very High
Cycle Fatigue, VHCF-4, Ann Arbor, MI, USA, 19–22 August 2007; Allison, J.E., Jones, J.W., Larsen, J.M.,
Ritchie, R.O., Eds.; pp. 23–28.

103. Knobbe, H.; Köster, P.; Krupp, U.; Christ, H.J.; Fritzen, C.P.; Anis Cherif, M.; Altenberger, I. Crack Initiation
and propagation in a Stainless Duplex Steel during HCF and VHCF. In Proceedings of the 4th Internationa
Conference on Very High Cycle Fatigue, VHCF-4, Ann Arbor, MI, USA, 19–22 August 2007; Allison, J.E.,
Jones, J.W., Larsen, J.M., Ritchie, R.O., Eds.; pp. 143–149.

104. Mughrabi, H. On the life-controlling microstructural fatigue mechanisms in ductile metals and alloys in the
giga cycle regime. Fatigue Fract. Eng. Mater. Struct. 1999, 22, 633–641. [CrossRef]

105. Weidner, A.; Amberger, D.; Pyczak, F.; Schönbauer, B.; Tschegg, S.S.; Mughrabi, H. Fatigue damage in copper
polycrystals subjected to ultrahigh-cycle fatigue below the PSB threshold. Int. J. Fatigue 2010, 32, 872–878.
[CrossRef]

106. Mughrabi, H.; Tschegg, S.S. Fatigue damage evolution in ductile single-phase face-centered cubic metals in
the UHCF-regime. In Proceedings of the 4th Internationa Conference on Very High Cycle Fatigue, VHCF-4,
Ann Arbor, MI, USA, 19–22 August 2007; Allison, J.E., Jones, J.W., Larsen, J.M., Ritchie, R.O., Eds.; pp. 75–82.

107. Lukáš, P.; Klesnil, M.; Polák, J. High cycle fatigue life of metals. Mater. Sci. Eng. A 1974, 15, 239–245.
[CrossRef]

108. Höppel, H.W.; Saitova, L.R.; Grieß, H.J.; Göken, M. Surface roughening and fatigue behaviour of pure
aluminium with various grain sizes in the VHCF-regime. In Proceedings of the 4th Internationa Conference
on Very High Cycle Fatigue, VHCF-4, Ann Arbor, MI, USA, 19–22 August 2007; Allison, J.E., Jones, J.W.,
Larsen, J.M., Ritchie, R.O., Eds.; pp. 59–66.

109. Höppel, H.W.; May, L.; Prell, M.; Göken, M. Influence of grain size and precipitation state on the fatigue
lives and deformation mechanisms of CP aluminium and AA6082 in the VHCF-regime. Int. J. Fatigue 2011,
33, 10–18. [CrossRef]

110. Stanzl, E.; Czegley, M.; Mayer, H.; Tschegg, E. Fatigue Crack Growth under Combined Mode I and Mode II
Loading. In Fracture Mechanics: Perspectives and Directions (Twentieth Symposium); Wei, R., Gangloff, R., Eds.;
ASTM International: West Conshohocken, PA, USA, 1989; pp. 479–496.

111. Tschegg, S.S. Fracture mechanisms and fracture mechanics at ultrasonic frequencies. Fatigue Fract. Eng.
Mater. Struct. 1999, 22, 567–579. [CrossRef]

112. Nakamura, T.; Koneko, M.; Kazami, S.; Noguchi, T. The Effect of High Vacuum Environment on Tensile
Fatigue Properties of Ti-6Al-4V Alloy. J. Soc. Mater. Sci. Jpn. 2000, 49, 1148–1154. [CrossRef]

113. Petit, J.; Saraazin-Boudox, C. An overview on the influence of the atmosphere environment on ultra-high-cycle
fatigue and ultra-slow fatigue crack propagation. Int. J. Fatigue 2006, 28, 1471–1478. [CrossRef]

114. Miura, N.; Takahashi, Y. High-cycle fatigue behavior of type 316 stainless steel at 288 ◦C including mean
stress effect. Int. J. Fatigue 2006, 28, 1618–1625. [CrossRef]

23



Metals 2020, 10, 1200

115. Sakai, T.; Chen, Q.; Uchiyama, A.; Nakagawa, A.; Ohnaka, T. A study on ultra-long life fatigue characteristics
of maraging steels with/without aging treatment in rotating bending. In Proceedings of the 4th Internationa
Conference on Very High Cycle Fatigue, VHCF-4, Ann Arbor, MI, USA, 19–22 August 2007.

116. Shiozawa, K.; Lu, L. Internal fatigue failure mechanism of high strength steels in Gigacycle regime.
Key Eng. Mater. 2018, 378–379, 65–68. [CrossRef]

117. Murakami, Y.; Nomoto, T.; Ueda, T.; Murakami, Y. On the mechanism of fatigue failure in the superlong
life regime (N > 107 cycles). Part II: A fractographic investigation. Fatigue Fract. Eng. Mater. Struct. 2000,
23, 903–910. [CrossRef]

118. Hu, Y.; Sun, C.; Xie, J.; Hong, Y. Effects of loading frequency and loading type on high-cycle and very-high-cycle
fatigue of a high-strength steel. Materials 2018, 11, 1456. [CrossRef] [PubMed]

119. Marines, I.; Dominguez, G.; Baudry, G.; Vittori, J.-F.; Rathery, S.; Doucet, J.-P.; Bathias, C. Ultrasonic fatigue
tests on bearing steel AISI-SAE 52100 at frequency of 20 and 30 kHz. Int. J. Fatigue 2003, 25, 1037–1046.
[CrossRef]

120. Mayer, H. Fatigue damage of low amplitude cycles under variable amplitude loading condition.
In Proceedings of the 4th Internationa Conference on Very High Cycle Fatigue, VHCF-4, Ann Arbor, MI,
USA, 19–22 August 2007.

121. Schwerdt, D.; Pyttel, B.; Berger, C.; Oechsner, M.; Kunz, U. Microstructure investigations on two different
aluminum wrought alloys after very high cycle fatigue. Int. J. Fatigue 2014, 60, 28–33. [CrossRef]

122. Sakai, T. Review and prospects for current studies on very high cycle fatigue of metallic materials for machine
structural use. J. Solid Mech. Mater. Eng. 2009, 3, 425–439. [CrossRef]

123. Sonsino, C.M. Dauerfestigkeit—Eine Fiktion; Konstruktion 4: Fraunhofer-Gesellschaft: Darmstadt,
Germany, 2005.

124. Tschegg, S.S.; Mayer, H.; Tschegg, E.; Beste, A. In service loading of Al–Si11 aluminium cast alloy in the very
high cycle regime. Int. J. Fatigue 1993, 15, 311–316.

125. Mayer, H.; Papakyriacou, M.; Pippan, R.; Tschegg, S.S. Influence of loading frequency on the high cycle
fatigue properties of AlZnMgCu1.5 aluminium alloy. Mater. Sci. Eng. A 2001, 314, 48–54. [CrossRef]

126. Tsutsumi, N.; Murakami, Y.; Doquet, V. Effect of test frequency on fatigue strength of low carbon steel.
Fatigue Fract. Eng. Mater. Struct. 2009, 32, 473–483. [CrossRef]

127. Tschegg, S.S. Ultrasonic fatigue. In Proceedings of the International Conference on Fatigue 96, Berlin, Germany,
6–10 May 1996; Volume III, pp. 1887–1898.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

24



metals

Article

Capturing and Micromechanical Analysis
of the Crack-Branching Behavior in Welded Joints

Wenjie Wang 1, Jie Yang 1,*, Haofeng Chen 2 and Qianyu Yang 1

1 Shanghai Key Laboratory of Multiphase Flow and Heat Transfer in Power Engineering,
School of Energy and Power Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China; wenjiewang0426@163.com (W.W.); qyyang9908@163.com (Q.Y.)

2 Department of Mechanical & Aerospace Engineering, University of Strathclyde, Glasgow G1 1XJ, UK;
haofeng.chen@strath.ac.uk

* Correspondence: yangjie@usst.edu.cn; Tel.: +86-021-5527-2320

Received: 25 August 2020; Accepted: 27 September 2020; Published: 29 September 2020

Abstract: During the crack propagation process, the crack-branching behavior makes fracture more
unpredictable. However, compared with the crack-branching behavior that occurs in brittle materials
or ductile materials under dynamic loading, the branching behavior has been rarely reported in
welded joints under quasi-static loading. Understanding the branching criterion or the mechanism
governing the bifurcation of a crack in welded joints is still a challenge. In this work, three kinds of
crack-branching models that reflect simplified welded joints were designed, and the aim of the present
paper is to find and capture the crack-branching behavior in welded joints and to shed light on its
branching mechanism. The results show that as long as there is another large enough propagation
trend that is different from the original crack propagation direction, then crack-branching behavior
occurs. A high strength mismatch that is induced by both the mechanical properties and dimensions of
different regions is the key of crack branching in welded joints. Each crack branching is accompanied
by three local high stress concentrations at the crack tip. Three pulling forces that are created by
the three local high stress concentrations pull the crack, which propagates along with the directions of
stress concentrations. Under the combined action of the three pulling forces, crack branching occurs,
and two new cracks initiate from the middle of the pulling forces.

Keywords: crack branching behavior; micromechanical analysis; crack propagation path; welded
joints; stress concentration

1. Introduction

Cracks are the main drivers of material failure [1,2]. In the crack propagation process, a crack may
split into two or more branches. This crack-branching phenomenon usually occurs in concrete structures,
brittle materials, and quasi-brittle materials under dynamic loading, and it makes the fracture become
more unpredictable and has aroused a wide range of concerns. For concrete structures, Forquin [3]
investigated the crack propagation behavior in concrete and rock-like materials under dynamic tensile
loading by an optical correlation technique. Curbach et al. [4] discussed the crack velocity in concrete
by an experimental investigation. Ožbolt et al. [5–7] studied the inertia on resistance, failure mode,
and crack pattern of concrete loaded by higher loading rates. Zhang et al. [8] reviewed the development
and the state of the art in dynamic testing techniques and dynamic mechanical behavior of rock
materials. For the brittle and quasi-brittle materials, much research has been done. Most recently,
Mecholsky et al. [9] studied the relationship between fractography, fractal analysis, and crack branching
in brittle materials. Nakamura et al. [10] researched the effect of the stress field on crack branching in
brittle material. Chen et al. [11] studied the influence of micro-modulus functions on peridynamics
simulation of crack propagation and branching in brittle materials. Kou et al. [12] investigated
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the crack propagation and crack branching in brittle solids under dynamic loading. Li et al. [13]
studied the underlying fracture trends and triggering on Mode-II crack branching and kinking for
quasi-brittle solids. Bouchbinder et al. [14] studied the dynamics of branching instabilities in rapid
fracture and offered predictions for the geometry of multiple branches. Boué et al. [15] investigated
the source of the micro-branching instability and revealed the relationship between micro-branching
and the oscillatory instabilities of rapid cracks. Karma et al. [16] researched the unsteady crack motion
and branching in brittle fracture and shed light on the physics that control the speed of accelerating
cracks and the characteristic branching instability.

In the meantime, different classes of models and methods were selected to study the crack-branching
behavior in the crack propagation process. The cohesive region model describes the crack propagation
process by considering a potential opening between two bulk elements, and it can capture some
features of crack-branching patterns [17,18]. The extended finite element method (XFEM) was also
selected to obtain crack branching by input additional branching criterion in the crack propagation
algorithm [19,20]. The phase field model was the most widely used to research the crack-branching
behavior in the dynamic crack propagation process. Henry [21] studied the dynamic branching
instability under in-plane loading by a phase field model. Bleyer [22] investigated the crack-branching,
speed-limiting, and velocity-toughening mechanism in the dynamic crack propagation process by
a variational phase-field model. Hofacker and Miehe [23,24] described the evolution of complex crack
patterns under dynamic loading by representative numerical examples. Karma et al. [25] introduced
a phenomenological continuum model for the mode III dynamic fracture that is based on the phase-field
methodology. Henry and Adda-Bedia [26] studied the crack branching in brittle material and established
its relationship to the fractographic patterns by a phase-field model. In addition, Bobaru and Zhang [27]
reviewed the peridynamic model for brittle fracture and investigated the crack-branching behavior in
brittle homogeneous and isotropic materials.

A crack can branch for many reasons. Since an additional crack was generated in the branching
event, the energy release rate was proposed as a crack-branching criterion [28]. Another important
crack-branching criterion is crack-tip velocity. There exists a critical value of crack-tip velocity, and crack
branching occurs at the critical value [29]. Nevertheless, in the inelastic nonlocal continuum model,
such as a phase-field model, the crack-branching behavior can be captured naturally, and an extrinsic
branching criterion is not needed [30,31].

Due to the highly heterogeneity of the microstructural, mechanical, and fracture properties, welded
joints are a vulnerable component of structures, and they are prone to pores, cracks, and other defects.
However, compared with the homogeneous materials that are mainly studied and mentioned above,
the crack-branching behavior was rarely reported in welded joints. Understanding the branching
criterion or mechanism governing the bifurcation of a crack in welded joints is still a challenge.

In the fracture mechanics experiment for a dissimilar metal welded joint (DMWJ), which is used
for connecting the pipe nozzle and the safe end in nuclear power plants, the authors found that
the crack-branching behavior occurred occasionally [32,33]. However, it is not clear when the crack will
surely branch in welded joints, nor the crack-branching mechanism. Thus, in this research, three kinds
of crack-branching models that reflect simplified welded joints were designed; the aim of the present
paper works on finding and capturing the crack-branching behavior in welded joints and shedding
light on its branching mechanism.

2. The Designed Crack-Branching Model

Since the crack deviation phenomenon occurs in the crack propagation process under local
strength mismatch, and the crack deviates to the side of material with lower strength [32,33], it can
be assumed that the crack will branch when there are similar strength mismatches on two sides of
the crack. Based on this assumption, three kinds of simple crack-branching models, which can reflect
simplified welded joints, were designed to capture the crack-branching behavior, as presented in
Sections 2.1–2.3.
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All these models were composed by three regions: the left region, the center region, and the right
region. Different material properties, which are obtained by changing the true stress versus strain
curve of a ductile material, ferrite low-alloy steel A508, were assigned to the three regions. Figure 1
presents the true stress versus strain curve of the ductile material A508 [34]. Its elastic modulus E is
202,410 MPa, and Poisson’s ratio ν is 0.3.

For all models, a load roll is applied at the top and center of the model, and two back-up rolls are
applied at the bottom of the model. The loading is applied at the load roll by prescribing a displacement
of 30 mm, and the two back-up rolls are fixed by control displacement and rotation. The initial crack
is located in the middle of the model. The model width is 32 mm (W = 32 mm), the loading span is
128 mm (L = 4W), and the initial crack length is 16 mm (a/W = 0.5). All models are two-dimensional
(2D) plane strain specimen models. Compared with the three-dimensional (3D) specimen models,
the 2D plane strain specimen with W = 32 mm, L = 4W, and a/W = 0.5 has the same J-resistance curve
with the 3D specimen with W = 32 mm, L = 4W, a/W = 0.5, and B/W = 0.5.

Figure 1. The true stress versus strain curve of the ductile material A508.

2.1. The First Crack-Branching Model

In the first crack-branching model, the material of the center region is fixed as the A508, and its true
stress versus strain curve was assigned to this region. The left region and the right region have the same
material properities, and 0.2–2 times (0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0) of the true stress versus
strain curves of the ductile material A508 were assigned to them successively, as shown in Figure 2.
In addition, the widths of the left, center, and right regions are fixed to 64, 20, and 64 mm, respectively.

Figure 2. The structure and materials of the first crack-branching model.

2.2. The Second Crack-Branching Model

In the second crack-branching model, both materials of the center region and the right region
are fixed, and one time and two times of the true stress versus strain curves of the ductile material
A508 were assigned to them, respectively. In addition, 0.2–1 times (0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9,
1.0) of the true stress versus strain curves of the ductile material A508 were assigned to the left region
successively, as shown in the Figure 3. In addition, the widths of left, center, and right regions are fixed
to 64, 20, and 64 mm, respectively.
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Figure 3. The structure and materials of the second crack-branching model.

2.3. The Third Crack-Branching Model

In the third crack-branching model, all the materials of the left region, the center region, and the right
region are fixed. Twice the true stress versus strain curve of the ductile material A508 was assigned
to the center region, and half of the true stress versus strain curve of the ductile material A508 was
assigned to the left region and the right region. Different from the first and second models whose
widths of different regions are fixed, the center region width in the third model was changing from 10
to 90 mm (10, 20, 30, 40, 50, 60, 70, 80, and 90 mm), as shown in Figure 4.

Figure 4. The structure and materials of the third crack-branching model.

3. Finite Element Numerical Calculation

Crack propagation in ductile metals is a complex multiscale phenomenon governed by the initiation,
growth, and coalescence of micro-voids. To observe the crack-branching behavior, the finite element
analysis based on the Gurson–Tvergaard–Needleman (GTN) damage model [35–39] was chosen to
obtain and monitor the whole crack propagation process in different designed crack-branching models.

The yield function of the GTN damage model was expressed as

φ
(
σm, σeq, f ∗

)
=
σeq

2

σ f
2 + 2q1 f ∗ cosh

(
3q2σm

2σ f

)
− 1− q3 f ∗2 = 0 (1)

where q1, q2, and q3 are parameters determined by ad hoc finite element (FE) simulations, in which σm

is the mean stress, σeq is the equivalent stress, σf is the flow stress. The f* is the void volume fraction
(VVF), and it is the replacement of f in the Gurson model. The relationship of them was expressed as

f ∗ =

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
f if f ≤ fc

fc +
f ∗F− fc
fF− fc

( f − fc) if fc < f < fF
f ∗F if f ≥ fF

(2)

where fC is the critical VVF, fF is the final failure parameter, and fF* is calculated as

f ∗F =
(
q1 +

√
q2

1 − q3

)
/q3. (3)
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The change in VVF during an increment of deformation contains two parts: one due to the growth
of existing voids, and the other due to the nucleation of new voids.

•
f =

•
f growth +

•
f nucleation (4)

where
•
f growth = (1− f )

•
εP

kk (5)

and
•
f nucleation = A

•
εp =

fN
SN
√

2π
exp[−1

2
(
εp − εN

SN
)

2
]
•
εp. (6)

here,
•
f is the VVF growth rate,

•
f growth is the VVF growth rate due to the growth of existing voids,

•
f nucleation is the VVF growth rate due to the nucleation of new voids,

•
εP

kk is the change rate of plastic

strain, εp is equivalent plastic strain, and
•
εp is the change rate of equivalent plastic strain.

Generally, it contains nine parameters in the GTN damage model: q1, q2, q3, εN, SN, fN, f0, fC,
and fF. Of these, q1, q2, and q3 are parameters determined by ad hoc FE simulations; εN, SN, and fN
are void nucleation parameters; f 0 is the initial VVF; fC is the critical VVF; and fF is the final failure
parameter. When the VVF reaches the critical value fC, void coalescence occurs. When the VVF reaches
the final value fF, fracture occurs. For the material A508, q1 = 1.5, q2 = 1, q3 = 2.25, εN =0.3, SN = 0.1,
fN = 0.002, f 0 = 0.0002, fC = 0.04, and fF = 0.17 [40,41].

The GTN damage model has been implemented in the ABAQUS code (6.14, Dassault Systèmes
group company, Shanghai, China), and it was widely selected to obtain the crack propagation
process [42–45]. Figure 5 presents the finite element meshes of the typical designed crack-branching
model. The 2D plane strain four-node isoperimetric elements with reduced integration (CPE4R) was
used, and the mesh size in the crack propagation region is 0.05 mm × 0.1 mm [42,43]. The crack
propagation path in the propagation process can be observed from the finite element method simulation
results directly.

Figure 5. The finite element meshes of the typical designed crack-branching model.

4. Verification of the Gurson-Tvergaard-Needleman Damage Model by Experimental Results

To ensure the accuracy of the finite element results obtained by the GTN damage model, some
experiments have been performed and compared with the finite element analysis in the previous
studies [44,46]. In the experiments, an Alloy52M dissimilar metal welded joint (DMWJ) that contains
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A508, austenitic stainless steel 316L, buttering layer material Alloy52Mb, and weld metal material
Alloy52Mw was selected, and the single edge notched bend (SENB) specimens with five crack
depths denoted as a/W = 0.2, 0.3, 0.5, 0.6, and 0.7 were manufactured from the DMWJ. The crack
propagation paths and J-resistance curves of different SENB specimens were obtained and compared
with the results obtained by the GTN damage model. The experiments were carried out by an Instron
screw-driven machine at room temperature. The quasi-static loading was conducted by displacement
controlled mode at a cross-head speed of 0.5 mm/min, and the load–load line displacement curves were
automatically recorded by a computer aided control system of the testing machine. Figure 6 presents
one of the comparisons of experimental results with finite element results for the SENB specimen with
a/W = 0.5 [44,46]. It clearly demonstrates that the finite element result obtained by the GTN damage
model is accurate, and the GTN damage model can be used to simulate the crack propagation process
and obtain the crack propagation path.

Figure 6. The comparison of finite element results obtained by the Gurson–Tvergaard–Needleman
(GTN) damage model with experimental results: (a) crack propagation paths; (b) J-resistance curves.

5. Results and Discussion

5.1. The First Crack-Branching Model

Figure 7 presents the crack propagation paths of all the first crack-branching models. Figure 8
presents the typical crack propagation paths when the models with 0.6 and 0.8 times the true stress
versus strain curves of the ductile material A508 were assigned to the left region and the right region.

It can be found from Figures 7 and 8 that when the model with 0.2 times the true stress versus
strain curve of the ductile material A508 was assigned to the left region and the right region, the single
crack splits into four branches under the highest strength mismatch. One of the branches deviates
a little bit to the left side, one of the branches deviates a little bit to the right side, and the other two
branches deviate to the left and right sides separately and grow along with the directions perpendicular
to the initial crack. When the models with 0.4 and 0.6 times the true stress versus strain curves
of the ductile material A508 were assigned to the left region and the right region, the single crack
splits into three branches, as shown in Figure 8a. With decreasing strength mismatch, the branching
phenomenon becomes weak. When the model with 0.8 times the true stress versus strain curve of
the ductile material A508 was assigned to the left region and the right region, the single crack splits
into two branches. One of the branches deviates a little bit to the left side, and one of the branches
deviates a little bit to the right side, as shown in Figure 8b. Furthermore, when the model with equal to
or higher than one time the true stress versus strain curve of the ductile material A508 was assigned to
the left region and right region, the crack does not branch.
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Figure 7. The crack propagation paths of all the first crack-branching models.

Figure 8. The typical crack propagation paths when 0.6 times (a) and 0.8 times (b) the true stress versus
strain curves of the ductile material A508 were assigned to the left region and the right region.

The results presented clearly demonstrate that the high strength mismatch induces branching.
Since the crack growth path deflects to the side with low strength, when the strength mismatches
on the left and right sides of the crack are similar, the crack has a tendency to spread to both the left
and right sides and certainly in the direction of the initial crack. Under the combined action of them,
the crack-branching behavior occurs. In addition, with gradual increasing of the strength mismatch,
the crack-branching behavior becomes more apparent. It is not just the quantity of the branches that
increases: the branch can even grow along with the direction perpendicular to the initial crack. When
the material strengths of the left and right regions are equal to or higher than the center region where
the initial crack is located, the crack-branching behavior does not occur.

5.2. The Second Crack-Branching Model

Figure 9 presents the crack propagation paths of all the second crack-branching models. Figure 10
presents the typical crack propagation paths when the models with 0.6 and 0.8 times the true stress
versus strain curves of the ductile material A508 were assigned to the left region.

Different from the first crack-branching models, the material properties in the second
crack-branching models are changing gradually from left to right. The left region has the lowest
strength, while the right region has the highest strength. It can be found from Figures 9 and 10 that
when the models with 0.2–0.7 times the true stress versus strain curves of the ductile material A508
were assigned to the left region, the single crack splits into two branches. One of the branches deviates
to the left side and grows along the direction perpendicular to the initial crack under high strength
mismatch, and the propagation direction of the other branch changes from deviating a little bit to
the left side to along the direction of the initial crack, as shown in Figure 10a. When the model with 0.8
times the true stress versus strain curve of the ductile material A508 was assigned to the left region,
although it still has two crack branches, the branching phenomenon becomes weak under low strength
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mismatch. One of the short branches grows along the direction of the initial crack, and the other
long branch deviates a little bit to the left side, as shown in Figure 10b. When the models with 0.9–1
times the true stress versus strain curves of the ductile material A508 were assigned to the left region,
the crack does not branch.

Figure 9. The crack propagation paths of all the second crack-branching models.

Figure 10. The typical crack propagation paths when the models with 0.6 times (a) and 0.8 times (b)
the true stress versus strain curves of the ductile material A508 were assigned to the left region.

Since the strength mismatches on both the left and right sides of the crack are different in this kind
of model, the results demonstrate that the similar strength mismatch on each side of the crack, which is
mentioned in Section 5.1, is a sufficient but not necessary condition for crack branching. As long as
there is another large enough propagation trend that is different from the original crack propagation
direction, the crack-branching behavior occurs. With increasing strength mismatch, the branching
trend becomes more apparent.

5.3. The Third Crack-Branching Model

Figure 11 presents the crack propagation paths of all the third crack-branching models. The typical
crack propagation paths when the widths of the center region are 20 and 50 mm are shown in
Figure 12, respectively.

Different from the first and second crack-branching models, Figures 11 and 12 present
the crack-branching behavior under different center region widths. It found that when the center region
width is 10 mm, the single crack splits into two branches. Since the center region is too narrow, the two
branches do not propagate along the initial crack direction, but they deviate to the left and right sides
separately and grow along with the direction perpendicular to the initial crack. When the center region
width is 20 mm, the single crack splits into two branches firstly; then, more crack-branching behaviors
occur in the crack propagation process. When the center region width is longer than 20 mm, the single
crack splits into two branches. One of the branches deviates a little bit to the left side, and the other
branch deviates a little bit to the right side. Especially, when the center region width is longer than
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70 mm, the crack branch behaviors do not change. This is because there exists an effect range of
material constraint in the welded joints. When the center region width is longer than 70 mm, it exceeds
this effect range, and the fracture behaviors of weld joints are no longer influenced by the material
mechanical properties that are located out of this effect range [47–49].

Figure 11. The crack propagation paths of all the third crack-branching models.

Figure 12. The typical crack propagation paths when the widths of the center region were 20 mm (a)
and 50 mm (b).

The results presented also demonstrate that the crack-branching behavior is also affected by
the dimensions of different regions in welded joints. A high strength mismatch that is induced by
both mechanical properties and dimensions of different regions is the key of crack branching in
welded joints.

5.4. Crack-Branching Mechanism

In all the above models, the third crack-branching model has the most complex crack-branching
behavior when the center region width is 20 mm, as shown in Figure 12a. Thus, in this section, this
model was selected to analyze the crack-branching mechanism.

Figure 13 presents the VVF and stress distributions at the time of crack branching. Figure 13a
presents the status when the first crack-branching event occurs, and Figure 13b presents the status
when the second and third crack-branching events occur. It is found that each crack branching is
accompanied by three local high stress concentrations at crack tip, which are produced by loading
and strength mismatch. Three pulling forces are created by the three local high stress concentrations
that pull the crack propagation along with the directions of stress concentrations.

It can also be found that one of the pulling forces lies in the original crack direction; the other
two pulling forces lie in the two sides of the original crack, and they have a similar angle to that of
the original crack direction. Under the combined action of the three pulling forces, crack branching
occurs, and two new cracks are initiated from the middle of the pulling forces.
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Figure 13. The void volume fraction (VVF) and stress distributions when the first crack-branching
event occurs (a) and the second and third crack-branching events (b).

In general, the crack-branching behavior (Supplementary Materials) in welded joints was captured
and analyzed in this study. Compared with the results obtained from the three kinds of crack-branching
models, it can be found that the crack-branching behavior is closely related to high strength mismatch in
welded joints. The high strength mismatch may be caused by the mechanical properties of the different
regions (the first crack-branching model and the second crack-branching model), or it may be caused
by the dimensions of the different regions (the third crack-branching model). With increasing strength
mismatch, a crack may split into two, three, or more branches. Moreover, the branch can even
grow along with the direction perpendicular to the initial crack under higher strength mismatch.
These phenomena are dangerous for welded joints and need to be paid close attention.

In addition, the crack-branching mechanism was also analyzed in this study. Each crack branching
is accompanied by three local high stress concentrations at the crack tip. The three local high stress
concentrations were produced by loading and strength mismatch, and they will create three pulling
forces. The pulling forces will give different propagation trends to the crack. Under the combined
action of the three pulling forces, crack branching occurs.

However, there are also some deficiencies. The experimental results that correspond to
the crack-branching models were not contained in this study. The main reason is that there exists
a heat-affected zone, fusion zone, and near-interface zone in the welded joints. It is difficult to
manufacture ideal welded joints the same as the designed models. Thus, for elaborating the problem
simply and clearly, some basic models were designed, and only the finite element method was used
in this study to obtain the crack-branching behavior. It is a pity that the results in this study do not
provide an exact mechanical justification and crack-branching criterion.

In the future, the crack-branching criterion and the correlation of the crack-branching behavior
with strength mismatch should be established, and the crack-branching behavior of welded joints can
be judged and obtained directly rather than by finite element method simulations or experiments.
Then, the results can provide scientific support for the structural integrity assessment and the design
of welded joints.

6. Conclusions

(1) With gradual increasing of the strength mismatch, crack-branching behavior becomes more
apparent. Not just the quantity of the branches increases, the branch can even grow along with
the direction perpendicular to the initial crack.
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(2) The similar strength mismatch on each side of the crack is a sufficient but not necessary condition
for crack branching. As long as there is another large enough propagation trend that is different
from the original crack propagation direction, crack-branching behavior occurs. A high strength
mismatch that is induced by both the mechanical properties and dimensions of different regions
is the key of crack branching in welded joints.

(3) Each crack branching is accompanied by three local high stress concentrations at the crack tip.
Three pulling forces that are created by the three local high stress concentrations pull the crack
propagation along with the directions of stress concentrations. Under the combined action of
the three pulling forces, crack branching occurs, and two new cracks initiate from the middle of
the pulling forces.

(4) The finite element method based on the GTN damage model is an effective method to simulate
the crack-branching behavior in welded joints during the crack propagation process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4701/10/10/1308/s1,
Video S1: crack branching behavior.
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Abstract: This paper proposes an ultra-high frequency (UHF) fatigue test of a titanium alloy TA11
based on electrodynamic shaker in order to develop a feasible testing method in the VHCF regime.
Firstly, a type of UHF fatigue specimen is designed to make its actual testing frequency reach as high
as 1756 Hz. Then the influences of the loading frequency and loading types on the testing results are
considered separately, and a series of comparative fatigue tests are hence conducted. The results show
the testing data from the present UHF fatigue specimen agree well with those from the conventional
vibration fatigue specimen with the loading frequency of 240 Hz. Furthermore, the present UHF
testing data show good consistency with those from the axial-loading fatigue and rotating bending
fatigue tests. But the obtained fatigue life from ultrasonic fatigue test with the loading frequency
of 20 kHz is significantly higher than all other fatigue test results. Thus the proposed ultra-high
frequency vibration-based fatigue test shows a balance of high efficiency and similarity with the
conventional testing results.

Keywords: vibration-based fatigue; ultra-high frequency; very high cycle fatigue; fatigue test;
titanium alloy

1. Introduction

Aviation equipments, such as aeroplanes and aeroengines always undergo cyclic stress during
service time, thus fatigue damage has been a major concern in the researches of aeronautical materials
and structures. In recent decades, the academic and engineering communities have gradually realized
that fatigue fracture of materials can occur after 107 cycles or even 108cycles. Especially for aviation
equipment, the failure forms of many structural components belong to very high cycle fatigue (VHCF)
regime. As a result, VHCF has gradually been paid an increasing number of attentions in the design of
the aviation equipments [1], with the higher requirements of service life and reliability.

Fatigue testing is an essential aspect in fatigue researches. Due to the ultra-high failure cycles,
improving the loading efficiency is very crucial in the VHCF testing. Several testing equipments
have been used for the testing of VHCF, such as rotating-bending fatigue tester, servo-hydraulic
fatigue tester, electromagnetic resonance tester and ultrasonic fatigue tester. The first three types of
the testing approaches are usually regarded as conventional fatigue testers, which have the general
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loading frequency range within 10 to 100 Hz. Thus it would be extremely time-consuming using the
conventional fatigue testers in the VHCF regime [2]. In contrast, the development of the ultrasonic
fatigue tester has greatly improved the loading efficiency of the VHCF testing since the actual loading
frequency reaches up to 20 kHz [3]. Benefit from the huge progress in fatigue testing efficiency,
the researches in VHCF of titanium alloys and other metals have been widely conducted and some
interesting fatigue testing data and failure mechanism have been obtained [4–6].

However, the significant increase in loading frequency would remarkably influence the fatigue
strength and life of some materials in the VHCF regime, which have been reported by many
researchers [2,4,7] Also it is controversial whether the fatigue failure mechanism under the conditions
of ultrasonic fatigue testing is similar to those of conventional high-frequency fatigue testing [8,9].
Meanwhile, some investigations have supported that the results from the ultrasonic fatigue tester were
close to those from the conventional fatigue testers [2]. Anyway, it can be stated that the application of
the ultrasonic fatigue testing in the VHCF regime is still in controversy. Furthermore, a widely-accepted
testing standard of the ultrasonic fatigue has not been proposed, while the currently existing testing
standards (e.g., ISO and ASTM standards) are only applicable for the conventional fatigue tests.

For aviation engineering, VHCF issues are generally introduced by the vibration of the moving
components such as blades and vanes. When subjected to fatigue loadings during the working condition,
these components would always experience bending or twist loads at high frequencies [10,11]. For one
thing, the actual working frequency of these aviation components cannot reach as high as the loading
frequency (i.e., 20 kHz) of the ultrasonic fatigue testing. For another thing, axial-loading fatigue data
does not provide a sufficient representation of HCF or VHCF behaviors of the vibrating components [12].
These situations are not adequately simulated by axial-loading fatigue tests. In short, both of the
conventional axial loading fatigue testing and the ultrasonic fatigue testing data are insufficient for the
design of the vibrating components in the VHCF regime.

Accordingly, vibration-based fatigue tests have been developed and carried out to obtain more
meaningful data for the vibrating components. Also it is a proper testing approach to study the
bending fatigue properties within the reduced experimental period since the testing frequency is much
larger than the conventional axial-loading fatigue tests [13]. In other words, the vibration-based fatigue
test is a sort of speeding-up fatigue test. Vibration-based bending fatigue tests have been usually
carried out by electrodynamic shakers. It is widely known that the response amplitude of a specimen
reaches its maximum value when the specimen vibrates under resonance condition for same excitation
amplitude [14]. Thus the specimens are usually excited in a high frequency resonant mode for the
purpose of reducing the power-consuming of the testing system [15,16]. This can be supported by
several vibration fatigue studies of different materials [17,18], most of which have been carried out in
the regime of conventional fatigue cycle though. And few work of vibration fatigue has been reported
in the VHCF regime of materials.

This research proposes an experimental method for ultra-high frequency fatigue of materials using
an electrodynamic shaker. For a type of titanium alloy commonly used in aero engines, an ultra-high
frequency (UHF) fatigue specimen is independently designed and the fatigue experiments in the HCF
and VHCF regimes are conducted. Furthermore, the influences of the loading frequency and loading
types on the testing results of the fatigue life are considered separately, and a series of comparative
fatigue tests are hence conducted, with the testing results compared with the present UHF results finally.

2. UHF Fatigue Specimen Design

The fatigue testing method used in the present study is actually based on resonance. Thus the
loading frequency of the present fatigue testing system is very close to the resonance frequency of the
specimen. It is widely known that the number of the vibration mode of a continuous system is infinite,
and each vibration mode has the corresponding natural frequency. For the moving components in
power engineering, such as blades, the first-order bending mode is the most common form in actual
service. In other aspect, the first-order vibration mode is easy to be conducted in fatigue tests compared
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to the higher-order vibration modes. Thus only the first-order longitudinal vibration mode has been
merely considered in both the conventional electromagnetic loading and ultrasonic loading. Similarly,
the first-order bending vibration mode is considered in the present UHF specimen. And the natural
angular frequency ω in the first-order mode is the key parameter to be concerned during the design.

ω = f (l,ρ, E,μ) (1)

where ρ, E and μ denote density, Young’s modulus and Poisson’s ratio, respectively. By dimensional
analysis, a derived equation with a dimensionless form can be obtained by transferring Equation (1),
as shown in Equation (2):

ωl√
E
ρ

= f (μ) (2)

For two specimens with the same shape, material and boundary condition, the only difference
is the characteristic length or size l, thus the proportional relation expressed by Equation (3) can
be obtained.

ω1

ω2
=

l2
l1

(3)

Accordingly, any higher natural frequency of a fatigue specimen could be achieved by reducing
the size proportionally in theory. However, the clamping reliability and the fatigue dangerous zone
(i.e., working section of specimen in which the fatigue failure is most likely to occur) should be
simultaneously considered, thus a novel UHF fatigue specimen cannot be determined by simply
reducing the size proportionally of the existing vibration-based fatigue specimen. In the present study,
an iterative method was adopted to obtain the geometry of UHF fatigue specimen, with the flow chart
shown in Figure 1. Here, two basic goals should be mentioned: One of them is that the first-order
bending natural frequency or resonance frequency f of UHF fatigue specimen should fall within the
range 1600 Hz < f < 2000 Hz, which ensure the testing period of 109 cycles is less than one week.
Of course, the resonance frequency beyond 2000 Hz is also not welcome in order to avoid possible
frequency effect. Furthermore, the present frequency range is close to that of the aeroengine blade with
the present titanium alloy in order to make the present fatigue testing results more valuable for the
blade. The other basic goal is that the maximum stress σmax in the fatigue dangerous zone should be
significantly larger than the mean value σm in the same zone. And a relation σmax ≥ 1.5σm is adopted
in the present study.

Accordingly, finite element method (FEM) was employed to determine the geometry of UHF
fatigue specimen. A series of FEM models with different geometries was established by a commercially
available FEM code ABAQUS (v6.14, Dassault Systemes, Providence, RI, USA). Generally, the maximum
stress levels for HCF and VHCF tests are far less than the yield strength of specimens. Thus the present
specimen is modeled as a linear-elastic solid, with the fundamental material properties listed in Table 1.
Only the first bending vibration mode was considered in the study and the natural frequencies can be
obtained by the Lanczos eigensolver integrated in ABAQUS. And the stress distribution on the surface
of the specimen during the vibration can be also obtained.

Table 1. Material parameters of TA11titanium alloy [19].

Material Parameters Value

Young’s modulus E (GPa) 107
Poisson’s ratio μ 0.334

Yield strength σy (MPa) 930
Density (g/cm3) 4.37
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Figure 1. Iterative method to design ultra-high frequency specimen.

After the FEM calculation, a design of UHF specimen was finally determined, with the geometry
shown in Figure 2. The two holes in the right side are used to install bolts to mount the specimen on
testing system, while the three small holes in the left side are used to adjust the natural frequency
and stress distribution of the specimen. The first-order mode bending natural frequency by the FEM
calculation is 1775 Hz, which just meets the aforementioned frequency requirement. And the surface
normalized axial stress contour S11 is shown in Figure 3a. Noting the area with the two mounting
holes would be totally clamped by the fixture, thus clamping area can be replaced by the boundary
condition of fixed support, and the two holes are not necessarily included in the FEM model.

Figure 2. Geometry of the present ultra-high frequency (UHF) fatigue specimen (unit: mm).

In order to validate the FEM result, a stress measurement based on strain gauge was used to obtain
the stress values along the central line of the area with arc segment. Benefit from the FEM calculation,
a continuous stress distribution curve along the same central path can be obtained and shown in
Figure 3b, with O and E representing the origin and end points on the central path, respectively.
The comparison of the stress distributions from the FEM and strain gauge can be found in Figure 3b,
which shows very good consistency. It should be noted that the maximum stress point is located not
exactly at the midpoint, but slight near to the clamping end (normalized location = 0.41353), which is
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resulted from the bending deformation of the specimen. Furthermore, the mean stress σm along the
central path can be obtained by the Equation (4):

σm =
1
l

∫
path

σ11dl (4)

where l denotes the length of the path. The normalized value ofσm can be hence obtained, with the
value of 0.56. Noting the normalized maximum stress σmax is equal to 1, thus the aforementioned
relation σmax ≥ 1.5σm can be satisfied.

(a) 

 
(b) 

Figure 3. FEM calculation and validation of the present UHF specimen: (a) Surface normalized axial
stress contour; (b) comparison of the stress distributions from FEM and strain gauge (O and E represent
the origin and end points on the central path of the specimen).

Furthermore, it should be pointed out the optimal geometry of the present UHF fatigue specimen
is dependent on the material and geometrical parameters. And the geometry of the present UHF
specimen is proposed based on the present titanium alloy. Although this geometry is not exactly
applicable to other materials, it is still important reference geometry for the similar fatigue tests of
other materials.

3. Material and Experimental Details

3.1. Experimental Material

A near-alpha titanium alloy TA11 alloy equivalent to Ti-8Al-1Mo-1V was used in the present
fatigue study. It has been usually used in advanced turbine engines as low pressure compressor blades
and due to its excellent damping capacity, low density, high Young’s modulus, and fine welding and
anti-oxidation performance [20]. The chemical composition of TA11 used in the present study is list in
Table 2.
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Table 2. Chemical composition of TA11 titanium alloy (mass fraction/%).

Al V Mo Fe C N H O Ti

7.79 1.00 0.98 0.04 0.01 <0.01 0.006 0.06 Balance

3.2. UHF Fatigue Testing Setup

A vibration-based bending fatigue test was subsequently conducted using the present UHF
specimens shown in Figure 2. All the specimens were cut from the same batch of raw material
in order to make the results reliable. The test was conducted on a vibration-based fatigue testing
system, of which the major body is an electrodynamic shaker (ES-10D-240 Electrodynamic Shaker
System) located in a soundproof room. The maximum loading capacity of the shaker is 10 kN and the
frequency range is 5 to 3000 Hz, which meets the mode-I bending vibration testing requirement of the
present specimens. Similar to conventional fully-reversed bending fatigue tests, the ratio between the
maximum and minimum stress in the present test is equal to −1.

In order to clamp the specimen firmly, a specified fixture was designed and manufactured. As same
as illustrated in Figure 4, one end was clamped firmly and the other end was free, which is shown
in Figure 4a. An accelerometer was used to monitor the shaker input load and a laser vibrometer
was located above the free end to monitor the amplitude. The excitation direction was vertical to the
specimen, with the excitation force having a sine waveform. Simultaneously, a small-size strain gauge
was mounted longitudinally on the surface of the specimen, exactly locating at the maximum stress
location, as shown in Figure 4a. It should be mentioned that a small-size strain gauge (sensitive pattern
area: 1 × 1 mm2) was adopted since both of the specimen and the fatigue dangerous zone are small.

 
(a) 

 
(b)

Figure 4. Vibration-based fatigue experiment for the UHF specimen: (a) Testing equipment (b) Sketch
of the experimental system.
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In this test, the amplitude of the free edge was a main object feedback, by which the excitation
frequency could be automatically adjusted. The specimens were expected to be tested in the resonance
condition and the excitation frequency could be adjusted automatically to keep the vibration amplitude
stable [16]. Consequently, the amplitude could be steadily controlled. Benefiting from the automatic
self-adjusting, the experimental system could run by the means of so-called closed-loop control,
which is sketched in Figure 4b.

3.3. Resonance Frequency and Stress Calibration

It is widely known that the response amplitude of a specimen can reach its maximum value
when the specimen vibrates under resonance condition for the same excitation load. Therefore,
the vibration-based fatigue tests are always expected to be carried out under the resonance condition for
the purpose of reducing the power-consuming of the experimental system. Accordingly, the resonance
frequency should be identified before the vibration-based fatigue test. In order to obtain the vibration
characteristics, the excitations with a series of increasing frequency was imposed upon the specimen,
and the excitation frequency-response curves can be hence obtained and the resonant frequency of
the specimen can be further determined, with the value of around 1756 Hz, which is obtained by the
frequency sweeping testing shown in Figure 5. Noting that specimen is clamped by the designed
fixture in the test, the resonant frequency obtained from the test is actually that of the combination
of the specimen and the fixture, and it would be less than the natural frequency (i.e., 1775 Hz) of the
single specimen, which is obtained by the computation presented in Section 2.

Figure 5. Determination of the resonance frequency of the UHF specimen by frequency sweeping.

During the vibration-based fatigue test process, the resonant frequency was monitored to determine
the failure moment of the specimen. In this study, the excitation frequency was preset using the same
value of the obtained resonant frequency, which is a stable value (i.e., around 1756 Hz) during the
fatigue testing process. As the crack propagates in the fatigue dangerous zone, the resonant frequency
decreases gradually to a critical value. When the resonant frequency drop rate reaches to a critical value
with the value of 1%, the fatigue test will be terminated and the specimen is considered to be failure.

Since the strain gauge would fail soon after several cycles in the fatigue test, the stress-control of
vibration-based fatigue tests has been always achieved by controlling the amplitude. Thus a calibration
relation between the measured strain and the amplitude should be determined prior to the fatigue
testing. The clamped specimen is similar to a normal slender cantilever beam and the transverse stress
can be ignored. Accordingly, three typical values of the amplitude were selected and the peak-valley
values of the strain along the 1-direction were measured during the vibration testing. A linear
calibration relation between the measured strain (peak-valley value εP−V) and double-amplitude 2a of
the present UHF specimen can be obtained, shown in Figure 6. For a specific amplitude a, the value of
σ1 can be gained by the strain gauge measure together with the stress-strain relation σ1 = 0.5 · EεP−V.

45



Metals 2020, 10, 1415

Thus the present stress-control vibration-based fatigue test is actually the realized by control the
amplitude, and various stress levels can be realized by varying amplitude a.

Figure 6. Calibration relation between the measured strain and displacement amplitude of the
UHF specimen.

3.4. Fatigue Tests for Comparison

In order to verify and compare the present UHF fatigue testing results, some comparative tests
have been conducted from two aspects:

On one hand, the effect of the loading frequency on the testing results should be verified.
Some previous studies for VHCF tests have also considered this issue [7,9], But the comparative studies
have been always performed among different types of fatigue tests, such as the comparison between the
rotating bending fatigue test and ultrasonic fatigue test. Although the loading frequencies of the tests
are definitely different, the loading condition also influences the testing results. Accordingly, the effect
of the loading frequency can best be considered separately. In the present study, a conventional
vibration fatigue (CVF) specimen shown in Figure 7 was used to explore the influence of the loading
frequency. The two holes in the right side are used for mounting bolts to fix the specimen on the
testing system. The minimum width of the fatigue dangerous zone is 10 mm. The geometry of the
conventional vibration fatigue specimen is taken from a Chinese testing standard HB 5277, which is
widely used in the field of vibration-based fatigue testing for the aeroengine blade materials in China.
After a similar frequency-response test mentioned by Section 3.3, the actual loading frequency close to
the resonance frequency is obtained, with the value of approximately 240 Hz.

Figure 7. Geometry of the conventional vibration fatigue (CVF) specimen (unit: mm).

One the other hand, the effect of the fatigue loading types should be considered. Some other
types of fatigue tests were also conducted, which includes conventional axial loading (CA) fatigue
test, rotating bending (RB) fatigue test and ultrasonic axial loading (UA) fatigue test. All these tests
have been widely carried out in fatigue community, thus the comparison with them is helpful to
verify the applicability of the present testing method in VHCF testing. Here, the CA loading fatigue
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test and RB fatigue test were carried out in an electromagnetic resonant fatigue testing system and a
rotating bending fatigue tester, respectively. And the UA fatigue test was carried out in a commercial
ultrasonic fatigue test machine (USF-2000, Shimadzu, Japan). All the fatigue tests were conducted in
room temperature, with the stress ratio R equal to −1. The loading frequencies for the CA, RB and
UA fatigue tests were 120 Hz, 83.3 Hz and 20 kHz, respectively. Considering the ultra-high loading
frequency (i.e., 20 kHz) in the UA fatigue testing, a compressive dry air cooling system was used to cool
the UA specimen during the testing in order to ensure the specimen temperature is maintained at room
temperature. Furthermore, an infrared thermometer was used to monitor the surface temperature of
the specimen during the UA fatigue test.

The geometry of the specimens for comparison is shown in Figure 8. All the specimens have
hourglass-type shape. It should be pointed out all the specimens for comparison were machined from
the same batch of raw materials with the present UHF specimen, in order to make the testing results
more comparable.

(a) 

(b) 

(c) 

Figure 8. Geometry of the specimens used in fatigue tests for comparison (unit: mm): (a) Conventional
axial loading (CA) specimen; (b) rotating bending (RB) specimen and (c) ultrasonic axial loading
(UA) specimen.

4. Results and Discussion

4.1. Vibration-Based Fatigue Testing Results

Figure 9 shows the obtained S-N data and the relevant fitting curves for the present vibration-based
fatigue tests, which involves the UHF and CVF specimens, with the actual loading frequencies of
about 1756 Hz and 240 Hz, respectively. Several stress levels have been selected in the present UHF
fatigue testing, covering the stress range from 400 MPa to 540 MPa. And the maximum failure cycle
can reach up close to 109. In order to compare the results between the two types of vibration-based
fatigue tests, the same stress levels have been also considered in the test for CVF specimens. Noting
the actual loading frequency of CVF specimens is about 240 Hz, the fatigue testing in the VHCF regime
(i.e., >107 cycles) has not been considered due to its high time-consuming. Finally, there are 20 and 17
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valid data obtained in the UHF and CVF tests, respectively, which are given in Table 3. Considering
the significant scatter of the obtained fatigue lives by the tests, several specimens were tested at the
same stress level in order to make the results statistically reliable.

Figure 9. S-N data and the fitting curves for the present vibration-based fatigue tests involving the
UHF and CVF specimens.

Table 3. S-N testing data from the UHF specimens and CVF specimens.

Specimen No.
Stress Level

(MPa)
Failure Cycle Specimen No.

Stress Level
(MPa)

Failure Cycle

UHF1 540 4.66 × 105 CVF1 540 1.66 × 105

UHF2 540 2.20 × 105 CVF2 540 2.56 × 105

UHF3 540 2.99 × 105 CVF3 540 1.50 × 105

UHF4 540 2.82 × 105 CVF4 540 2.30 × 105

UHF5 540 2.25 × 105 CVF5 540 2.36 × 105

UHF6 540 1.93 × 105 CVF6 480 1.27 × 106

UHF7 540 2.65 × 105 CVF7 480 2.62 × 105

UHF8 480 4.26 × 105 CVF8 480 2.96 × 105

UHF9 480 4.05 × 105 CVF9 480 3.18 × 106

UHF10 480 5.07 × 105 CVF10 480 2.19 × 105

UHF11 480 4.18 × 105 CVF11 480 2.79 × 105

UHF12 480 1.73 × 106 CVF12 440 5.27 × 106

UHF13 440 6.43 × 106 CVF13 440 1.00 × 107

UHF14 440 1.70 × 106 CVF14 440 3.40 × 106

UHF15 440 7.84 × 106 CVF15 440 1.00 × 107

UHF16 440 3.09 × 106 CVF16 440 4.53 × 105

UHF17 440 4.14 × 106 CVF17 440 2.27 × 105

UHF18 440 6.49 × 105 − − −
UHF19 420 1.19 × 108 − − −
UHF20 400 8.20 × 108 − − −

The S-N curves can be obtained by a regression calculation with a three-parameter S-N model,
which is named as Stromeyer model [21], expressed by:

lgNf = a− blg(σmax − S0) (5)

where Nf and σmax denote the failure cycle and stress level (or maximum cyclic stress). And a, b and S0

are the fitting parameters. Noting σmax would approach to S0 when Nf approaches to infinite, thus S0

can be regarded as a fatigue limit from a mathematical point of view. Consequently, the S-N curves
from Stromeyer model would exhibit obvious curvature characteristics and the fitting model has been
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widely used in the fatigue community. The values of a, b and S0for UHF specimens are 10.7, 2.50 and
395, respectively, while those for CVF specimens are 8.05, 1.32 and 421, respectively.

In addition, typical surface crack morphology when UHF specimen fails are shown in Figure 10.
It can be found an obvious continuous crack locating approximately at normalized location of 0.38
initiated at O point shown in Figure 3b, which is close to the maximum stress point determined in
Section 2, not at the narrowest width of the specimen. And the crack propagation direction is basically
perpendicular to the axial stress direction (i.e., 1-direction). Thus it is reasonable to determine the
strain measurement location as mentioned in Section 3.2.

 

Figure 10. Typical crack morphology when UHF specimen fails.

4.2. Effect of the Loading Frequency

As shown in Figure 9, the S-N curves between the UHF and CVF specimens are close to each other
in the same life cycle regime. Both of the UHF and CVF specimens are sheet specimens used in the
vibration-based testing with the same type of fatigue loads. The major difference between them is
merely the loading frequency, which does not influence the S-N curves clearly as shown in Figure 9.
Considering the two cases share the same fatigue stress levels and several testing data have been
obtained at those fatigue stress levels, further comparison and analysis can be conducted in order to
explore the effect of loading frequency further.

In the present vibration-based fatigue testing, three fatigue stress levels were considered with
the values 440 MPa, 480 MPa and 540 MPa. Figure 11 shows the comparison of fatigue lives from the
UHF and CVF specimens at these fatigue stress levels. It can be found the fatigue lives for the two
types of specimens are close to each other at these stress levels. Strictly speaking, the fatigue lives for
the CVF specimen are slightly shorter than those for the UHF specimen, which is clear at the stress
level of 440 MPa. One reason leading to the tiny discrepancy is probably the influence of the specimen
size. It can be found there is a significant difference in the size of the two types of specimens, despite
their shapes are similar. It has been previously pointed out a smaller size fatigue specimen would
have a longer fatigue life due to the smaller risky volume and less likelihood of containing defects [22].
Thus the present tiny discrepancy in fatigue lives between the two specimens can be mainly attributed
to specimen size instead of the loading frequency.

In addition, the error bars shown in Figure 11 to reflect the dispersion of result data are worth
mentioning. The length of the error is generally increased as the fatigue stress level is decreased.
It suggests the dispersion of the fatigue lives is more significant for the lower stress level, which has
been widely verified by the previous HCF and VHCF researches [23,24]. It should be noted the length
of error bars for UHF specimen is significantly shorter than those for CVF at the low fatigue stress levels
(i.e., 440 and 480 MPa), which suggests the results for UHF specimens are probably less dispersive
than the CVF specimens. Although there is no solid reason to explain it, it is at least concluded the
data stability by the present UHF specimens is not inferior to the conventional specimens with the
lower frequency.
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Figure 11. Comparison of fatigue life results from the UHF and CVF specimens for the same fatigue
stress levels.

4.3. Effect of the Testing Types

Figure 12 shows the comparison of the results of the present UHF specimens and other types of
fatigue specimens in consideration. The S-N curves can be also obtained by Equation (5), with the
values of the fitting parameters given in Table 4.

Figure 12. Comparison of the results of ultra high frequency (UHF) specimen and other types of
fatigue specimens.

Table 4. Fitting parameters of Equation (5) for the comparative tests.

Testing Type a b S0/MPa

UA 10.8 1.94 523
RB 13.5 3.97 418
CA 15.8 4.78 407

In general, the S-N data based on the present UHF specimens get close to those based on the
conventional HCF methods, including the CA and RB specimens. In contrast, the S-N curve from the
UA specimens has significant discrepancy compared with those from all other testing methods. It can
be found that the fatigue life data obtained by the UA test are much longer than other types of tests at
the same stress level.
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Generally, the factors influencing the fatigue testing results includes the temperature rise of
specimen, material uniformity and testing method. Noting the cooling system was simultaneously
used during the UA testing process, the surface temperature was kept at the range of 12~15◦C obtained
by the infrared thermometer. Thus the temperature rise of the UA specimens can be neglected.
In addition, all the fatigue specimens in this study were obtained based on same batch of Ti-alloy, thus
it can be inferred the discrepancy of the results shown in Figure 12 is caused by the testing method.

For fatigue testing method, an important factor is the specimen size, which can be usually
considered to explain the discrepancy of the testing data. It has been usually widely thought that
the fatigue specimen with smaller size would have longer fatigue life [22,25]. The specimen in the
UA testing usually has a small risky volume which means the specimen volume subjected to a stress
amplitude larger than the 90% of its maximum value [26]. Some previous studies have attributed
the size effect of fatigue specimens to the influence of the risky volume [25,26]. However, another
important factor should be noted is the loading frequency. Since both the loading frequency and the
risky volume could influence the fatigue life of specimens, the explanation from the risky volume is
feasible when the loading-frequencies of the fatigue tests are close to each other. For example, for the
present two conventional comparative fatigue tests involving the CA and RB specimens, their loading
frequencies are both close to 100 Hz. Accordingly, the discrepancy between their corresponding S-N
curves could be explained by the risky volume theory, which means the risky volume of RB specimen
is smaller than that of CA, resulting in the fatigue life of RB specimen is longer. It should be pointed
out the risky volume of the UA specimen is actually small, but still larger than that of the present UHF
and RB specimens. Note the fatigue life obtained by the UA test is much longer than other types of
tests, the discrepancy between their results cannot be explained by the risky volume theory.

Instead, another important factor in the testing method is the loading frequency, which could be
the major factor to cause the discrepancy of the testing results. It has been found that the fatigue lives of
some materials have been proved to be almost unaffected by the loading frequency, while the situation
of some other materials are opposite [9]. In general, the materials with an obvious strain rate-related
effect are more susceptible to loading frequency [7], thus it can be inferred the present titanium alloy is
a material with obvious strain rate-related effect and the UA testing method is probably not suitable for
its VHCF testing. In contrast, although the frequency of the present UHF fatigue method is also high
(1756 Hz) compared with the conventional testing methods, the obtained fatigue lives by the present
UHF method are not clearly influenced by the high frequency.

4.4. Discussion

Although the testing results from the present UHF specimens is generally close to those from CA
and RB specimens, especially in the long life regime, the discrepancy between them deserves further
explanation from the perspective of the failure criterion. It should be paid attention that the present
vibration-based UHF test has a different failure criterion compared with that of the aforementioned
conventional fatigue tests. Actually, the failure criterion of the most conventional fatigue tests is the
separation of specimen. However, the present UHF test adopts the failure criterion that the resonance
frequency of specimens drops by 1% of the initial value. The critical value of resonance frequency used
as the failure criterion was determined based on the previous vibration-based fatigue tests [27]. It has
been widely known that the life of the crack initiation and the growth of the micro-structurally small
crack accounts for a large proportion of the total life in long life regime [28]. For the low stress cases in
present UHF test, once the crack initiation occurs, the specimen would fail very soon since the loading
frequency is very high. Thus the critical frequency for the failure criterion can be feasible. However,
for the high stress cases in the present UHF test, the proportion of crack initiation life in the total life
decreases while the proportion of the crack propagation life increases. Consequently, the specimen
would not fail very soon after the crack initiation and the growth of the micro-structurally small crack.

Here, it should be clarified the reason why the specimen separation is not applicable for the
failure criterion of the present UHF test. Firstly, the present vibration-based fatigue specimen has been
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usually clamped at only one side, with the other side free. If the testing continues until the specimen
is separated, the free side is likely to impact and damage the surrounding devices and personnel
when the separation occurs, because the loading frequency is very high. Secondly, the stress control
of the testing is achieved by controlling the vibration amplitude of the specimen. As the fatigue
test continues, the damage evolution would continue so that the resonance frequency would drop
simultaneously. But the vibration amplitude should be maintained during the whole testing period to
satisfy the testing stress condition, which needs a close-loop control method. However, in the period
before the specimen’s final separation, the resonance frequency drops dramatically as the damage
evolution develops sharply. Thus it is so difficult to maintain the vibration amplitude at a constant in
the final period. Considering the final period approaching to the separation of specimen is usually
short, thus a critical frequency drop has been usually adopted as the failure criterion, instead of the
specimen separation.

However, the failure criterion that the resonance frequency of specimens drops by 1% is just an
empirical one, which has been proved feasible in some conventional vibration-based fatigue tests.
Thus it has been adopted as a recommended failure criterion in the Chinese vibration-based fatigue
testing standard HB 5277, which is also followed in the present study. However, the failure criterion of
the frequency drop by 1% may be not the optimal one for the present non-standard UHF specimen
especially in the higher fatigue stress cases. Thus it is necessary to figure out the optimal failure
criterion for the present UHF specimen in the future, which helps to further improve the accuracy of
the present testing results.

5. Conclusions

In summary, this paper proposes an ultra-high frequency (UHF) fatigue test of a titanium alloy
TA11 based on electrodynamic shaker in order to develop a feasible testing method in the VHCF
regime. Firstly, a type of UHF fatigue specimen is designed to make its actual testing frequency reach
as high as 1756 Hz. Then the influences of the loading frequency and loading types on the testing
results of the fatigue life are considered separately, and a series of comparative fatigue tests are hence
conducted. The results show the testing data from the present UHF fatigue specimen agree well
with those from the conventional vibration fatigue specimen with the loading frequency of 240 Hz.
Furthermore, the present UHF testing data show good consistency with those from the axial-loading
fatigue and rotating bending fatigue tests. But the fatigue life obtained from the ultrasonic fatigue test
is significantly higher than all other fatigue testing results. Thus the proposed ultra-high frequency
vibration-based fatigue test will have a good application prospect in the VHCF testing due to its
balance of high efficiency and similarity with the conventional testing results.
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Abstract: When steel components fail in service due to the intervention of hydrogen assisted cracking,
discussion of the root cause arises. The failure is frequently blamed on component design, working
conditions, the manufacturing process, or the raw material. This work studies the influence of quench
and tempering and hot-dip galvanizing on the hydrogen embrittlement behavior of a high strength
steel. Slow strain rate tensile testing has been employed to assess this influence. Two sets of specimens
have been tested, both in air and immersed in synthetic seawater, at three process steps: in the
delivery condition of the raw material, after heat treatment and after heat treatment plus hot-dip
galvanizing. One of the specimen sets has been tested without further manipulation and the other set
has been tested after applying a hydrogen effusion treatment. The outcome, for this case study, is that
fracture risk issues only arise due to hydrogen re-embrittlement in wet service.

Keywords: hydrogen re-embrittlement; environmentally assisted cracking; galvanic protection; high
strength steel

1. Introduction

High strength steels offer multiple design and cost advantages. Their most publicized application
is in automotive components, where their use is being promoted by progressively more restrictive CO2

emission control policies. Components manufactured in these steels favor a reduction in emissions and
an improved gas mileage thanks to their lightweight design. Other sectors such as oil & gas are also
prone to take advantage of high strength steels, such as in jack-ups and mooring chains for offshore
platforms [1]. In this case, weight reduction is relevant to optimize the cost of keeping the structures
floating and moored at their intended position.

The fastener market also benefits from high strength steels in terms of cost competitiveness [2].
Employing class 10.9 instead of class 8.8 bolts not only allows a reduction in the number of elements
employed in a joint thanks to the 20% higher strength of the 10.9 class; it also means a bolt diameter
reduction that is accompanied by a flange size reduction and a reduced installation time. Figure 1
shows a scheme in terms of cost.

Despite the fact that high strength steels are attractive cost-wise, they suffer some drawbacks,
such as their increased risk of showing Hydrogen Embrittlement (HE) issues. HE causes a deterioration
of mechanical properties which is often related to corrosion processes [3,4] and HE affected components
fracture under applied stresses which are well below their design specifications. Bolts are a representative
example of components which are concerned by this HE susceptibility, as recognized by the existence
of fastener-specific standards to account for HE control in the final product [5].
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Metals 2020, 10, 1613

Figure 1. Scheme of the cost advantages that the use of high strength steels implies in bolted joints [2].

When the hydrogen is incorporated into the steels, during the manufacturing process of the
component or during service, is referred as internal or external hydrogen, respectively [6].

Internal hydrogen can be incorporated at different steps of the manufacturing route [7],
starting upstream in the molten metal [8]. Hydrogen intake is minimized at this stage by applying
vacuum degassing techniques on the melt. The importance of this degassing is such that it has become
compulsory in some industries [9]. In the case of cast steel parts, the hydrogen left in the melt is expelled
from the metal into micro-shrinkage and gas porosity voids during solidifications. The hydrogen
trapped in this way recombines into gaseous H2 in the pores and it is difficult to dissociate it again into
atomic hydrogen for removal. In the case of wrought products, hot forging and/or hot rolling aid in
the closing the porosity due to solidification and help the removal of hydrogen excess from the steel
by the combination of deformation and temperature. The higher the rolling reduction, the lower the
hydrogen content in the final material.

After casting and/or forging processes, there are two known sources of internal hydrogen:
the intake during heat treatment [10,11], especially when involving austenitizing processes, as hydrogen
solubility increases with temperature and in the presence of austenite (Figure 2); and absorption from
an electrolyte [12], like acidic media [13] from cleaning and pickling processes or from electrolytic
coating processes as in zinc plating [14].

Figure 2. Solubility of H in iron at P-1 bar (made from [15]).
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External hydrogen can be incorporated into the steel when the steel is working under high H2

partial pressures [16] or under acidic conditions, among which sour service with H2S stands out and
has led to the existence of a very specific regulation [17]. A more common source of external hydrogen is
the intake from an electrolyte both when impressed current cathodic protection systems and sacrificial
coatings are used (e.g., zinc plating or hot dip galvanizing) [18,19]. These processes involving external
hydrogen leading to what is known as Environmentally Assisted Cracking (EAC).

Figure 3 shows free corrosion and how galvanic protection processes lead to EAC, in the case of
steels working in wet conditions. In free corrosion, iron dissolves in the water as Fe2+ ion donating two
free electrons. These electrons recombine involving H+, OH− and H2O. When there is an oxygen excess
Fe2O3 forms on the steel surface. The reduction of H+ to atomic H does not occur and EAC is avoided.
For zinc coated steel in wet service with a discontinuity that exposes the steel substrate, the galvanic
potential between the zinc anode and the steel cathodic zone is negative enough to allow hydrogen
ion reduction, and drives a H+ current to the steel surface, where atomic hydrogen can undergo the
reaction of the H+ ion with an electron to yield adsorbed molecular H on the steel surface. From there,
the hydrogen enters the steel by diffusion.

 

Figure 3. Hydrogen involving reactions in naked (left) and zinc coated (right) steel in contact with water.

The hydrogen then distributes inside the steel in form of diffusible and trapped hydrogen,
the difference being the ability of the hydrogen atoms to move or not across the microstructure [20–22].
The fraction of diffusible hydrogen from the total hydrogen is known to affect EAC, as diffusion allows
H atoms to accumulate in the maximum stress triaxiality sites of the material. Thus, hydrogen trap
control has become a key resource to develop EAC resistant steels as demonstrated by Fielding [23]
and Yamasaki [24]. With a similar approach, as diffusible hydrogen excess tends to effuse from the
material when temperature is raised at oven temperatures, oven degassing treatments are industrially
used to assess if steel integrity has been compromised by hydrogen [9,25], and this approach is used in
this work. More specifically, the Slow Strain Rate Tensile testing (SSRT) results of specimens that have
been oven dehydrogenated, compared to non-dehydrogenated, have been used to determine whether
internal or external hydrogen was the cause of an in-field failure of a set of galvanized bolts.

The bolt in Figure 4 shows the actual HE case that motivates this study. It is a hot dip galvanized
M52 class 10.9 bolt that was installed in an outdoors structure in a coastal onshore location in Northern
Spain. The structure consisted of 90 bolts from the same batch and the fractured bolt is part of a set of
seven bolts that suffered delayed fracture after a week in service at the same site. All the bolts were
tightened with a dynamometric wrench to the desired fastening torque. The torque was calculated to
reach the design clamping force of the joint, employing the measured friction coefficient between the
bolt and the nut greased threads. The bolt-nut batch had passed regular quality control checks and
no deviation was found in the fractured products; they were free of forging defects, decarburization,
liquid metal embrittlement or quench cracking.
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Figure 4. M52 class 10.9 bolt that failed in service due to delayed fracture.

When the failure surface of the cracked bolts was inspected, a trans-granular brittle cleavage
pattern was observed, which is shown in Figure 5a, while the expected fractographic texture for the
bolt corresponds to a ductile failure pattern like that shown in Figure 5b.

Figure 5. (a) Brittle cleavage texture in the crack surface of the M50 class 10.9 bolt shown in Figure 1;
(b) ductile collapse texture in the tensile specimens extracted from the shaft of the same bolt; (c) microstructure
of the bolt in the center of the shaft diameter.

This type of delayed fracture has been reported in hot dip galvanized bolts with sections fully
immersed in water [26], EAC being the root cause of failure. The failed bolts of concern in this case
study, though, were not immersed in water. Thus, this work is aimed at answering the following
question: was the delayed fracture due to HE from internal hydrogen introduced by the manufacturing
process or was it due to EAC from external hydrogen taken up in a scenario of water drop condensation
on coating discontinuities at the bolt surface?
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With this question in mind, a SSRT based study was performed with the same material supply of
fractured bolts. Tests on dehydrogenated and non-dehydrogenated samples were performed at different
stages of the industrial production process (delivery condition, heat treatment and galvanizing) and,
for the galvanized specimens were tested, both immersed in seawater and in dry conditions.

2. Materials and Methods

The material employed for the study is steel grade 30MnB5 according to UNE-EN 10083-3 [27] in
bright bar format according to UNE-EN 10263-4 [28]. The material was received with dimensions of
φ48 mm × 450 mm length (Figure 6) and in the usual condition of raw material for the manufacture
of bolts. This material was sourced from the same mill as the fractured M52 bolts that motivated
this study.

 

Figure 6. 30MnB5 bars employed for the study.

The chemical composition of the material was checked during incoming inspection. Table 1
shows the result of the analyses performed by spark spectrometry, with an expanded measurement
uncertainty (K = 2) of ±0.03% for all the elements of the table. It is noted that the material meets the
specifications set for alloyed quench and tempering steels under the designation 30MnB5, except for a
slight excess in Mn content. The observed addition of Cr is intended to improve hardenability and
is in accordance with the limits imposed by the current regulations [27], which allow the 30MnB5
nomenclature to be maintained.

Table 1. Chemical composition check (by weight%) of 30MnB5 bars.

Sample C Si Mn P S Cr B

Specimens * 0.29 0.24 1.49 <0.015 <0.005 0.50 0.0026

Specification
30MnB5

Min. 0.27 - 1.15 - - - 0.0008
Max. 0.33 0.40 1.45 0.025 0.035 ** 0.0050

Class requirements
8.8/9.8/10.9

Min. 0.20 - - - - - -
Max. 0.55 - - 0.025 0.025 - 0.003

* Results of the chemical analysis performed on the bars by spark emission spectroscopy. ** Additions up to 2% Cr
permissible by standard [27] for improved hardenability.

The material also meets the chemical composition requirements established for Class 8.8 to 10.9 [29]
fasteners. It should be remembered that the bolt classes are determined mainly by the resistance levels
as shown in Table 2.
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Table 2. Nominal values of mechanical properties for high-strength bolt classes [29].

Class
Yield Strength

Rp0.2 (MPa)
Ultimate Tensile Strength

Rm (MPa)
Elongation

E (%)
Reduction in Area

RA (%)

8.8 >640 >800 >12 >52
9.8 >720 >900 >10 >48

10.9 >900 >1000 >9 >48
12.9 >1080 >1200 >8 >44

For the study of internal hydrogen uptake during the production process, 27 specimens were
prepared and divided into three sets of specimens, one for each stage of production (Figure 7):

• Seven specimens were used to study the supply condition of the raw material.
• Twenty were subjected to a quench and tempering treatment in industrial installations

accompanying a 30MnB5 and class 10.9 M32 bolt manufacturing order. Seven of these fourteen were
used to study internal hydrogen uptake during heat treatment and three for submerged testing.

• The remaining ten heat treated specimens were hot dip galvanized in industrial installations
accompanying the same 30MnB5 and Class 10.9 M32 bolt manufacturing order. Seven were used
to study internal hydrogen uptake in the galvanizing process and three for submerged testing.

The quench and tempering sequence that was applied is reported below, and it reproduces that of
the fractured M52 bolts that motivated this work (same furnaces and processing conditions):

• Austenitizing in a continuous furnace at a setpoint of 875 ◦C with a dwell time of 30 min.
The carbon activity was controlled in the atmosphere to prevent decarburization.

• Oil quenching.
• Tempering in a continuous furnace set at 540 ◦C for a dwell time of 120 min followed by air

cooling, accompanying the same load industrial load of M32 bolts. The furnace atmosphere was
controlled to prevent decarburization.

Non-acidic surface conditioning (cleaning, etching and rinsing) and hot dip galvanizing was
performed in an industrial production facility.

Figure 7. Materials for the study of internal hydrogenation in the manufacturing process for class
10.9 bolts.
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Three specimens from each set were submitted to SSRT in air at room temperature without applying
a dehydrogenating treatment, while the other three were dehydrogenated in an oven at 250 ◦C for 2 h
before being tested under the same conditions. This baking process at 250 ◦C is considered sufficient
to express a drop in the diffusible hydrogen from the material affected by delayed fracture [9], if any.
A loss of ductility of non-conditioned samples relative to dehydrogenated samples would indicate the
presence of diffusible hydrogen, incorporated into the material during the production process.

For the heat treated and galvanized specimens, three further specimens were dehydrogenated to
perform SSRT immersed in seawater, to assess the severity of the EAC produced by the concurrence of
the zinc coating and water. All tests were carried out at room temperature (23 ◦C). Table 3 summarizes
the tests that were performed, indicating the identification code that will be used to refer to each
material and testing condition in the following.

Table 3. Summary of the tensile testing battery.

Identification Description Conditioning Testing Media Type of Test Repeats

DC

Delivery Condition
Non Dehydrogenated

Air

Regular Tensile 1

DC-ND
SSRT

3

DC-DH Dehydrogenated 3

QT

Quench and
Tempered

Non Dehydrogenated
Air

Regular Tensile 1

QT-ND

SSRT

3

QT-DH
Dehydrogenated

3

QT-SW Seawater 3

GA

Quench and
tempered + Hot-dip

GAlvanized

Non Dehydrogenated
Air

Regular Tensile 1

GA-ND

SSRT

3

GA-DH
Dehydrogenated

3

GA-SW Seawater 3

As is shown in Table 3, one specimen per set was tested under conventional tensile testing
conditions [30] to verify that the material performance was as expected and to accept the material
condition for further testing. The results of these tests are presented in Table 4. It is noted that the
bars in delivery condition could be used directly to manufacture Class 8.8 bolts. After heat treatment,
the specimens met the mechanical requirements for class 10.9 bolts as expected. It is important to stress
that the heat treatments were carried out in all cases on specimens already machined and not on bars,
so that the detection of surface effects caused by the process was not hidden by further machining and
it was verified that the control of the protective atmosphere of the furnace had been correct (absence of
carburized or decarburized layer).

Table 4. Verification of the mechanical properties of 30MnB5 samples. The tolerances correspond to the
expanded measurement uncertainty of each result (K = 2).

Identification
Yield Strength

Rp0.2 (MPa)
Ultimate Tensile Strength

Rm (MPa)
Elongation

E (%)
Reduction in Area

RA (%)

DC 734 ± 7 847 ± 9 13.9 ± 1.5 54 ± 1
QT 1038 ± 10 1100 ± 11 15.1 ± 1.5 67 ± 1
GA 1037 ± 10 1097 ± 11 12.4 ± 1.5 55 ± 1

Specification Class 8.8 >640 >800 >12 >52
Class 10.9 >900 >1000 >9 >48

The media used in submerged specimen tests was a seawater substitute according to ASTM
D1141 [31]. All electrolytes used for the experimental part of this work were prepared in accordance with
this standard in the heavy metal version and with the composition indicated in Table 5. The distilled
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water used as the base of the mixture met in all preparations the level of purity required by ASTM
D1193 [32], Type II. The pH of the electrolyte was adjusted in all cases to 8.2 ± 0.1 by additions of
NaOH 0.1N after the compound mixing process was complete.

Table 5. Chemical composition of synthetic seawater employed in the tests.

Compound Concentration (g/L)

NaCl 24.53
MgCl2 5.20

Na2SO4 4.09
CaCl2 1.16
KCl 0.695

NaHCO3 0.201
KBr 0.101

H3BO3 0.027
SrCl2 0.025
NaF 0.003

Ba (NO3)2 0.0000994
Mn (NO2)2 0.0000340
Cu (NO3)2 0.0000308
Zn (NO3)2 0.0000096
Pb (NO3)2 0.0000066

AgNO3 0.00000049

The SSRT method employed for the assessment of process hydrogenations and zinc coating
induced EAC is explained in ASTM G129-00 [33]. This method consists of a test analogous to that of
uniaxial tensile testing, but at a very low strain rate. Using a reduced deformation rate (e.g., 10−5 s−1)
is a key element in the case of studying external embrittlement processes as in this work, as it
allows hydrogen distribution to evolve in the microstructure. In conventional tensile test speeds,
are at least an order of magnitude faster [30] than in slow strain rate tests, and hydrogen absorption
kinetics and diffusion kinetics are not able to modify material behavior and therefore do not allow
hydrogen embrittlement to be assessed. It is important to remark that SSRT results are comparative in
nature, i.e., they are used to determine whether one material behaves better than another in the same
embrittling conditions, or whether the same material has different susceptibility to HE in two different
hydrogenation environments. For this reason, the SSRT results are usually provided as a ratio between
the values obtained for the condition of interest and a control condition against which it is compared.

The SSRT were performed on a Zwick Roell Model 1475 universal machine (Zwick Roell, Ulm,
Germany) with a maximum load capacity of 100 kN. Circular cross-sectional specimens of φ10 mm
were used according to UNE EN-ISO 6892-1:2017 (Figure 8).

Figure 8. Manufacturing sketches of the specimens used in tests at low deformation speed. Dimensions
in mm.

The 30MnB5 steel specimens were obtained from bars of φ48 mm as shown in Figure 9. The heat
treatments and galvanizing were applied directly to the specimens. In this way, the skin of the tested
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material reproduces the working condition of interest, like that of the commercial bolts whose failure
motivated this work.

The tests were carried out in all cases with a crosshair feed of 0.03 mm/min, which corresponds to
a strain rate of 10−5 s−1.

Figure 9. Specimen extraction sketch of bolt steel specimens. Dimensions in mm.

3. Results and Discussion

The average results of the SSRT tests targeted to assessing the HE at different stages of the
manufacturing process are shown in Table 6. These tests were performed in air. It should be noted that
these averages are calculated on three specimens and, to avoid generating a sense of false accuracy,
experimental deviations corresponding to the 95% confidence interval on the average have been
included using the expression (1).

IC95 = ±
√
(U(K = 2))2 +

(
t∝=0.05,2·Sv√

3

)2
(1)

where U (K = 2) is the expanded uncertainty of each individual measure, t∝ = 0.05, 2 is the value of
Student’s t for a significance value of 0.05% in a distribution of two tails and two degrees of freedom
and Sv is the standard deviation.

Table 6. Average values of mechanical properties obtained in SSRT at different stages of the production
process of class 10.9 bolts with 30MnB5 steel.

Identification
Yield Strength

Rp0.2 (MPa)
Ultimate Tensile Strength

Rm (MPa)
Elongation

E (%)
Reduction in Area

RA (%)

DC-ND 720 ± 25 841 ± 19 13.7 ± 1.7 51.4 ± 7.9
DC-DH 756 ± 27 850 ± 25 12.9 ± 1.8 52.2 ± 9.6
QT-ND 1022 ± 31 1091 ± 23 14.0 ± 2.5 62.9 ± 6.4
QT-DH 1013 ± 19 1085 ± 18 14.0 ± 1.7 62.5 ± 3.9
GA-ND 1016 ± 36 1087 ± 19 13.4 ± 3.3 58.4 ± 5.4
GA-DH 1007 ± 17 1069 ± 52 13.3 ± 1.6 60.7 ± 1.3

To evaluate if a step in the process had caused any significant change in HE, the results in Table 6
were analyzed by hypothesis tests which were performed for the difference in the averages of normal
distributions. The hypothesis tests concerned all the four SSRT outputs considered in this work, Rp0.2,
Rm, E and RA with a significance level of α = 0.01. The conditions that were chosen for the analyses
are the following:

• DC-ND versus DC-DH: to assess the possible HE incoming from the hot rolling process.
• QT-ND versus QT-DH: to assess whether there was any HE caused by heat treatment or not.
• GA-ND versus GA-DH: to assess if the galvanizing process caused any HE.
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• QT-ND versus GA-ND and QT-DH versus GA-DH: to assess if galvanizing modified the mechanical
behavior from the heat-treated condition.

There is no statistically significant difference between the average values of the experimental data
in any of the comparisons stated above. Thus, no effect of the production process can be associated
with HE.

Figure 10 has been elaborated to help in visualizing this fact. It plots the average values in
Table 6 with their standard deviation as the parameters of Normal probability distribution functions.
Starting with the values of strength, the results have been divided first by class and then by condition.
Figure 10a shows, that for the raw material in delivery condition, Rm distributions overlap by a high
percentage, while Rp0.2 coincide in about 50% of their dispersion. Accounting for the reduced number
of repeats, this 50% overlapping has been enough to discard the existence of statistically significant
differences between the averages of Rp0.2 for DC-ND and DC-DH.

The plots in Figure 10b represent the averages for QT and GA specimen sets. These curves are
similar to those of DC specimens in the sense that the curves overlap at a high percentage. This fact
removes the possibility of affirming that the difference observed between the means is significant,
even for the most disperse values such as Rm on GA-DH when working with three repeats.

Figure 10. Probability density plot assuming Normal distribution of average strengths and their
uncertainties in Table 6 as mean and standard deviation values. (a) Plot for the DC Class 8.8 specimens.
(b) Plot for the QT and GA Class 10.9 specimens.

The same plotting approach for E and RA is shown in Figure 11. For these two properties, which are
highly affected by HE and EAC, the curve overlapping is even higher than that for the strengths.
This confirms that no major mechanical property decay due to production process-related internal
hydrogen HE was produced in the original M52 fractured bolts that motivated this work. Major decays
would have been detected even with three repeats.

Regarding the SSRT tests in seawater, targeted to assess the weight of EAC in the failure of the
fractured M52 bolts, Table 7 gathers the obtained average results. In this case, the hypothesis tests were
again performed in terms of the existence of a difference in the average of the results. The following
results were compared:

• QT-DH versus QT-SW: to assess if the immersion in seawater causes any noticeable EAC in the
absence of the galvanic protection coating.

• GA-DH versus GA-SW: to assess if the immersion in seawater causes any noticeable EAC in the
presence of the galvanic protection coating.
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Figure 11. Probability density plot assuming Normal distribution of average elongations and area
reduction and their uncertainties in Table 6 as mean and standard deviation values. (a) Plot for the DC
Class 8.8 specimens. (b) Plot for the QT and GA Class 10.9 specimens.

Table 7. Average values of the mechanical properties obtained in water submerged SSRT with 30MnB5
steel treated to class 10.9 bolt strength, both for naked and hot-dip galvanized specimens.

Condition
Yield Strength

Rp0.2 (MPa)
Ultimate Tensile Strength

Rm (MPa)
Elongation

E (%)
Reduction in Area

RA (%)

QT-SW 1014 ± 10 1087 ± 23 13.8 ± 2.6 61.7 ± 4.2
GA-SW 1018 ± 20 1090 ± 26 11.3 ± 3.8 43.6 ± 6.8

The outcome of the statistical analysis indicates that the effect of the immersion is not significant
in terms of strength for either of the conditions; neither naked (QT), nor galvanized (GA). Figure 12
reflects this fact, as the gaussian curves overlap clearly for QT (Figure 12a) and slightly less so for GA
(Figure 12b) specimens. The most doubtful result is observed for Rm in GA-DH and GA-SW, but again
about 50% of the curve overlaps in the worst case and three repeats do not allow the conclusion that
this is a significant variation.

Figure 12. Probability density plot assuming Normal distribution of average strengths and their
uncertainties in Table 7 as mean and standard deviation values. (a) Plot for the QT specimens. (b) Plot
for GA specimens.

When the hypothesis tests are performed on the difference of averages of the ductility related
properties, the scenario changes, not for the elongation, E, but for the reduction in area, RA. The outcome
of the statistical analysis is that the drop in the average RA is significant for the galvanized specimens
tested in submerged condition, with a level of significance of α = 0.01. Figure 13 plots this: the RA
curves of the graph in Figure 13a show that the Gaussian for GA-DH and the Gaussian for GA-SW do
not touch each other. Consequently, it is statistically sound to affirm that an embrittlement process has
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been developed in the GA-SW SSRT specimens and their differences in both E and RA can be considered
as an actual effect of EAC and not a statistical artifact. This combination of hot dip galvanizing Zn
coatings and water as the critical factor for the failure of bolts in the field has been reported by other
case studies [26,34].

Figure 13. Probability density plot assuming a Normal distribution of average strengths and their
uncertainties in Table 7 as mean and standard deviation values. (a)Plot for the QT specimens. (b) Plot
for GA specimens.

Once the presence of EAC is confirmed, it is possible to assess the embrittlement susceptibility of
the GA-SW condition, employing the embrittlement ratios as indicated in the standard testing method
ASTM G129. The embrittlement ratios measured in this case for the average E and RA values in GA-SW
condition using GA-DH as control condition are 85% and 72% respectively (Table 8).

Table 8. Embrittlement susceptibility ratios for the GA-SW condition.

Control Condition EAC Condition RE = EGA-SW/EGA-DH RRA = RAGA-SW/RAGA-DH

GA-DH GA-SW 85% 72%

The EAC was also confirmed by visual inspection of the fractured SSRT specimens (Figure 14).
Only GA-SW specimens showed a very severe cracking pattern all along the necking section. The cracks
caused by EAC appear remarked in white, due to material deposition from the electrolyte in the areas of
the substrate exposed by the appearance of the cracks themselves. Similar EAC cracking patterns had
been observed in previous work [18] for steels with the same strength level as the GA-DH specimens,
when a cathodic protection potential was applied to seawater immersed SSRT.

  

QT-DH QT-SW GA-DH GA-SW 

Figure 14. Pictures of the necking areas of representative SSRT specimens showing no EAC except
for GA-SW.

66



Metals 2020, 10, 1613

4. Conclusions

Tensile testing specimens were manufactured following exactly the same raw material grade and
source, and the same industrial manufacturing route (same suppliers and process parameters), as a set
of class 10.9 hot-dip galvanized M52 bolts that had suffered a delayed fracture. The intention was to
elucidate whether the fracture was HE affected by internal hydrogen uptake of the bolts during their
manufacture, or was an EAC issue affected by external hydrogen uptake of the bolts due to the water
condensation on a discontinuity of the zinc coating. The results have made clear that the industrial
production process does not promote the presence of internal HE in the studied steps: the supply
condition of the raw material, the heat treatment, and the hot-dip galvanizing. The specimens processed
according to the production route did not require subsequent dehydrogenation processes. Though this
does not ensure that there cannot be a mistake in the supply chain, it at least shows the right capability
and points to external hydrogen as the principal process involved in the failure of the M52 bolts.

Regarding EAC, it has been observed that mere immersion in seawater does not produce any
embrittlement effect on the naked material, while the presence of a galvanic coating in this medium
causes a significant susceptibility to EAC. In this particular case study of bolt delayed fracture,
the evidence points to a combination of poor zinc coating condition (no matter whether from the
galvanizing or due to scratching during poor handling) and the presence of condensation from seawater
droplets or aerosol in the installation site (coastal Northern Spain) as the origin of the problem. As the
EAC did not affect the whole installed bolt set, it is likely that some of the bolts were unscratched,
as the whole batch was installed under the same ambient humidity. Though hydrogen induced
fracture-preventing practices are usual in bolt industry, small details such as poor handling can still
lead to premature failures. Even in the absence of coating defects, a sufficient coating thickness must be
guaranteed, as thin zinc layers may eventually dissolve and expose the EAC susceptible steel substrate.
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Abstract: Fatigue failure of structural components due to cyclic loading is a major concern for
engineers. Although metal fatigue is a relatively old subject, current methods for the evaluation of
fatigue crack growth and fatigue lifetime have several limitations. In general, these methods largely
disregard the actual shape of the crack front by introducing various simplifications, namely shape
constraints. Therefore, more research is required to develop new approaches to correctly understand
the underlying mechanisms associated with the fatigue crack growth. This paper presents new
tools to evaluate the crack front shape of through-the-thickness cracks propagating in plates under
quasi-steady-state conditions. A numerical approach incorporating simplified phenomenological
models of plasticity-induced crack closure was developed and validated against experimental results.
The predicted crack front shapes and crack closure values were, in general, in agreement with those
found in the experimental observations.

Keywords: crack front shape; structural plates; through-the-thickness crack; steady-state loading
conditions; small-scale yielding

1. Introduction

The evaluation of fatigue life and failure conditions of structural components is of
permanent and primary interest for engineers. Over the past five decades, significant
progress has been made toward the development of more appropriate fatigue crack growth
models and life assessment procedures. Significant research effort has been directed to the
study of the fatigue crack closure phenomenon, which was first introduced by Elber [1] to
explain the experimentally observed features of fatigue crack growth in aluminium alloys.
The number of publications grew rapidly since this pioneering study, and continues to grow.
It is now commonly accepted that the contributions of various crack closure mechanisms,
specifically plasticity-induced crack closure, roughness-induced crack closure, and oxide-
induced closure, are significant, and these mechanisms are capable of explaining many
fatigue crack growth phenomena, e.g., the influence of thickness on crack growth rates,
retardation effects associated with overloads, or higher propagation rates of small cracks in
comparison with long cracks [2].

It is well-established that for relatively long cracks propagating in a non-aggressive
environment, the plasticity-induced crack closure dominates over the roughness-induced
crack and oxide-induced closures. The plasticity-induced crack closure models rely on far
fewer assumptions than the two other closure mechanisms. The first theoretical model was
developed by Budianski and Hutchinson [3] based on the two-dimensional Dugdale strip-
yield model [4]. The theoretical results demonstrated that opening stress intensity factor
is surprisingly high, and increases with an increase in the R ratio. All early crack closure
models for plate components utilised both plane strain and plane stress simplifications,
although real cracks are inherently three-dimensional (3D). To examine the thickness effect
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on crack propagation rates, empirical constraint factors were often used, demonstrating a
stronger correlation with experimental results. With the advance of numerical methods and
the increase in computational power, it became possible to eliminate these simplifications
and study more realistic geometries, as well as various 3D effects [5,6].

In 3D problems, the order of the singularity at the intersection of the crack front with
the free surface depends on Poisson’s ratio and the intersection angle. From energy con-
siderations, it follows that fatigue cracks have to preserve the 1/

√
r singularity. Therefore,

the fatigue crack has to intersect the free surface at a critical angle, βcr, which is a function
of Poisson’s ratio. Several experimental studies have reported that, at least, the Mode I
fatigue crack front is shaped to ensure the square root singular behaviour along the entire
crack front. However, it seems that the effect of 3D corner singularity is not very significant
in the presence of a sufficiently large crack front process zone [7]. This is because the 3D
corner singularity effect is a point effect, and is very much localised. Therefore, it might
be negated by the plasticity and damage formation near the surface. For example, in an
experimental study of steel circular bars subjected to bending and torsion, the experimental
intersection angles were found to be very different from the theoretically predicted critical
angles [8].

Considerably less effort has been directed toward the study of the effects of the
3D corner singularity and elasto-plastic constraints on plasticity-induced crack closure.
Generally, the direct 3D elasto-plastic simulations of fatigue crack growth demand much
greater computational resources [9]. These simulations have many issues associated with
the validation of the numerical solution and the accuracy of the obtained results. A number
of factors affect the accuracy, which are difficult to control: the mesh refinement, the type of
finite element, the crack advance scheme (which usually consists of releasing nodes ahead
of the crack front), contact conditions, and the local criterion of crack front opening. Branco
et al. [10] recently provided an exhaustive review concerning these aspects. The overall
conclusion was that the direct numerical approaches are capable of describing the shape
evaluation of fatigue cracks. However, the application of these approaches to particular
problems can be quite cumbersome. Each problem needs a large effort to calibrate the
solution and verify the results. These efforts are usually focused on the reduction in the
number of finite elements, the number of simulations required in the analysis, or, eventually,
the computation time, which cannot be considered to be of practical relevance [11].

In the present paper, a simplified procedure for the evaluation of the fatigue crack front
shapes of through-the-thickness cracks propagating under the cyclic loading conditions
is presented. The procedure is based on simplified methods for the evaluation of the
plasticity-induced crack closure effect, namely the equivalent-thickness method introduced
by Yu and Guo [12,13], as well as the analytical model developed by Kotousov et al. [14,15].
The outcomes of the simulation are compared with available experimental results obtained
at the same propagation conditions for validation purposes. The paper is organised as
follows: Section 2 addresses the method used to evaluate the crack front shape, as well
as the models introduced to evaluate the crack closure along the crack front. Section 3
describes the finite element model developed to calculate the stress intensity factors along
the crack front. Section 4 compares the predicted crack front shapes with those obtained
experimentally for different materials and propagation conditions. The paper ends with
some concluding remarks.

2. Crack Shape Simulation and Crack Closure Models

The main idea behind the evaluation of the steady-state shape of a fatigue crack
front proposed in this paper is to select a curve from a parametric family that minimises
the deviation of the fatigue driving force along the crack front. In other words, we first
specified a possible parametric set of curves in the crack plane (e.g., parabolic, hyperbolic,
or elliptical shapes) and then evaluated the local fatigue driving force using a finite element
model, along with simplified plasticity-induced crack closure models. In this study, the
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local fatigue driving force was defined by the effective stress intensity factor range, ΔKeff,
given by the formula:

ΔKeff = U·ΔK = U·(Kmax − Kmin) (1)

where U is the normalised load ratio parameter, or normalised effective stress intensity
factor, which is often used to describe the effects of loading and geometry on crack closure,
and ΔK is the traditional linear-elastic stress intensity factor range [16] defined by the
maximum and minimum values of the stress intensity factor experienced for a given load
cycle. The load ratio is therefore given by R = Kmin/Kmax. In the case of 3D problems,
this normalised load ratio is not a constant, but rather a function of the position along the
crack front, U = U(z). Thus, the local crack growth rate is a function of the effective stress
intensity factor range, i.e.,

ΔKeff(z) = Kmax(z) − Kop(z) = U(z)ΔK(z) (2)

where Kop(z) is the local opening load stress intensity factor, which corresponds to the
minimum load at which the crack faces, at point z, which are fully separated.

A number of sophisticated finite-element (FE) models were developed to evaluate
U(z) for different geometries and loading conditions. However, as discussed above, these
models have many limitations, and are quite difficult to apply in fatigue calculations.
Below, we consider two simplified methods for the evaluation of the normalised load ratio,
the equivalent-thickness model introduced by Yu and Guo [13], and the analytical model
proposed by Kotousov et al. [14,15], which are addressed in Sections 2.1 and 2.2, respec-
tively. These methods will be further incorporated into the 3D linear elastic finite element
simulations to evaluate the shape of the through-the-thickness cracks. This evaluation
will be performed via the corner singularity method [17], which is briefly presented in
Section 2.3.

2.1. Equivalent-Thickness Model

For through-the-thickness cracked plates, She et al. [17] proposed defining the equiv-
alent thickness based on a numerical analysis of the 3D distribution of the out-of-plane
stresses and constraint factor, Tz, which is defined as:

Tz =
σz

σx + σy
(3)

where σx, σy, and σz are the normal stresses. This method is illustrated in Figure 1. The
equivalent thickness, 2heq, for point P on the crack front is identified as the plate thickness,
which leads to the same distribution of Tz at the mid-plane.

  

(a) (b) 

Figure 1. Schematic illustration of the equivalent-thickness method in the through-the-thickness cracks: (a) original
straight through-the-thickness cracked geometry; (b) final straight-through-the-thickness cracked geometry with equivalent
thickness.
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An empirical equation was suggested to evaluate the equivalent-thickness as follows:

heq

h
= 1 −

( z
h

)2
(4)

where z is the distance from the mid-plane and h is the half-thickness of the plate. The
normalised load ratio parameter in this method can be calculated as follows:

U =
3
√
κ

1 − R
(5)

where κ is a function of the R ratio:

κ =
(1 − R2)

2
(1 + 10.34R2)(

1 + 1.67R1.61 + 1
0.15π2αg

)4.6 (6)

and αg is a global constraint factor, αg, defined by the formula:

αg =
1 + t

1 − 2ν+ t
(7)

where ν is the Poisson’s ratio and t is given by:

t = 0.2088
√

r0

heq
+ 1.5046

r0

heq
(8)

with:

r0 =
π

16

(
Kmax

σ0

)2
(9)

where σ0 is the flow stress. These empirical equations were extended to the corner, and
surface cracks and were extensively validated using 3D finite element analyses.

2.2. Analytical Model for the Evaluation of Crack Closure

Another method for the evaluation of local plasticity-induced closure is based on a
simplified 3D analytical model. In accordance with this model, the parameter U for Mode
I loading under small-scale yielding conditions can be approximated from the following
expression:

U(R,η) = a(η) + b(η)R + c(η)R2 (10)

where the fitting functions a, b and c can be written in the form:

a(η) = 0.446 + 0.266 · e−0.41η

b(η) = 0.373 + 0.354 · e−0.235η

c(η) = 0.2 − 0.667 · e−0.515η
(11)

where η = Kmax/(h
√
σf) is a dimensionless parameter.

The above equations were obtained within the first-order plate theory based on the
Budiansky–Hutchinson crack closure model [3,15]. The results, which correspond to the
classical two-dimensional theories (or plane stress state, or plane strain state), can be
obtained as limiting cases of very thin and very thick plates, i.e., when η → ∞ or η → 0,
respectively. The details of the derivation of these equations can be found in the original
paper by Codrington and Kotousov [14].
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2.3. Corner Singularity Method

In this study, the evaluation of the steady-state front in the through-the-thickness
cracks was carried out using the corner singularity method. First, we approximated the
shape of the crack front by a two-parameter elliptical curve, which can be described as:

x = b

√
1 − z2

a2 − h ≤ z ≤ h (12)

where a and b are the major and minor semi-axes of an ellipse, respectively, as shown in
Figure 2.

Figure 2. Elliptical-arc crack front shape for geometrical parameters crack propagation.

The crack front tends to intersect the free plate surface at the critical angle, βc, when
the plasticity effects are small. The critical angle is a function of the Poisson’s ratio and the
type of loading. We found that the critical intersection angle can be approximated by the
following formula [18]:

tan βc =
ν− 2
ν

(13)

where ν is the Poisson’s ratio. Typically, when the size of the plastic zone is greater than
1% of the plate thickness, the stress state near the vertex location is not controlled by the
elastic singularity. In these cases, the plasticity effects become more important, and together
with the vertex singularity effect, lead to greater critical angles for elastic-plastic materials.
To find b, we need to make sure that:

∂x
∂z

|z=±h = − bh
a
√

a2 − h2
=

ν

ν− 2
(14)

where b is defined by:

b =
aν

(2 − ν)

√
a2

h2 − 1 (15)

Substituting Equation (15) into Equation (12), we obtain:

x(z) =
aν

(2 − ν)

√
a2

h2 − 1 ·
√

a2 − z2 − h ≤ z ≤ h (16)

This equation meets the condition that the crack front intersects with the free surface at
the critical angle given by Equation (13), and represents a parametric curve with one single
parameter, a. Further, the steady-state condition of the crack propagation requires that
the projection of the effective stress intensity factor along the crack propagation direction
(x-direction, Figure 1) is constant for all points along the crack front. This condition cannot
be satisfied exactly with any multi-parametric equation describing the possible crack front
shapes. However, the shape that minimises the difference of the effective stress intensity
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factor along the crack front can be considered as the best approximation of the actual
fatigue crack front shape.

3. Numerical Approach

This section describes the numerical model developed in this research to determine the
stress intensity factor ranges along the crack front. The stress intensity factor ranges, along
with the crack closure models described in the previous section, enabled the computation
of the local fatigue driving force, which was used to obtain a steady-state crack front
shape. The steady-state crack front shape was selected as the one producing the minimum
deviation of ΔKeff along the crack front. This evaluation needs to be completed for each
curve from the parametric set.

To reduce the computational overhead, we developed a simplified geometry by intro-
ducing adequate boundary conditions, capable of describing 3D effects near the crack front.
Section 3.1 describes the details of the numerical modelling, and Section 3.2 addresses the
boundary conditions considered in this paper. The last section, Section 3.3, is devoted to
the validation of the stress intensity factor values obtained with the proposed approach.

3.1. Finite Element Model Description

The typical finite element geometry, developed here to study a through-the-thickness
crack in an elastic plate, is shown in Figure 3. As can be seen, the rectangular cross-section
geometries were modelled to evaluate the stress and displacement fields near the crack tip.
The size of the finite element models is sufficient to avoid the effect of the finite boundaries
on the stress state. By taking advantage of the symmetry conditions (i.e., XY symmetry,
XZ symmetry, and YZ symmetry), only one-eighth of the crack problem was modelled.
The height of the FE models taken was approximately ten times larger than the plate
thicknesses. In accordance with the previous studies, this is sufficient to accurately describe
the 3D effects near the crack front [19,20].

Figure 3. Finite element mesh: (a) assembled model; (b) detail of the crack front; (c) detail of the spider web pattern.

The FE models corresponding to different values of a (Figure 1) were meshed with
linear 8-node hexahedral elements of type C3D8R. A reasonably uniform element grid with
a structured mesh was considered. A denser mesh, with a spider-web pattern (Figure 3c)
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was used near the crack front, where the stress gradients were expected to be maximum
(Figure 3b), consisting of 5 concentric rings centred at the crack tip with a radial discretisa-
tion of 10◦ (Figure 3c). Thirty nodes along the plate half-thickness (Figure 3b) were used to
define the crack front shape. The specimen was subjected to uniaxial loading applied at
the bottom surface (i.e., at the XZ-plane with a Y-coordinate equal to H/2). The assembled
mode is exhibited in Figure 3a. Further details about the modelling approach can be found
in papers published by the present authors [19,21].

The numerical simulations were carried out using Abaqus/CAE 2020 (© Dassault
Systèmes, 2019), assuming a homogeneous, isotropic, and linear-elastic behaviour. The me-
chanical properties inserted into Abaqus/CAE 2020 to perform the numerical simulations
were the Young’s modulus and the Poisson’s ratio of the tested materials (Table 1). The
displacement field far from the crack tip was calculated in accordance with the William’s
solution using MATLAB R2020b, and the obtained results were applied for the boundary
conditions. The 3D solutions of the J-integral were used to calculate the stress intensity
factor near the crack front. One layer of elements surrounding the crack front was used to
calculate the first contour integral. The additional layer of elements was used to compute
the subsequent contours. The different contour solutions were approximately coincident
after eight contours. The results from averaging contours five through eight was considered.
A similar strategy, either in terms of mesh framework or simulation analysis, was carried
out for all geometries and crack configurations studied in the present paper.

Table 1. Mechanical properties of the selected materials.

Material
Young’s

Modulus, E Poisson’s Ratio, ν
Fracture

Toughness, KIC

Exponent of
Paris Law, m

6082-T6 74 GPa 0.33 20 MPa·m0.5 3.456

PMMA 3.6 GPa 0.365 1.6 Pa·m0.5 0.91

3.2. Boundary Conditions

The plane-stress displacements far from the crack tip were calculated in accordance
with William’s solution [22]:

ux(r, θ) =
( r

2π

)1/2 (1 + ϑ)

E
[K∞

I f I
x(θ)] (17)

uy(r, θ) =
( r

2π

)1/2 (1 + ν)

E
[K∞

I f I
y(θ)] (18)

Being:

f I
x(θ) = cos

θ

2

(
k − 1 + 2 sin2 θ

2

)
(19)

f I
y(θ) = sin

θ

2

(
k + 1 + 2 cos2 θ

2

)
(20)

where r is the distance from the crack tip, θ is the angle measured from the symmetry line,
K∞

I is the remotely applied Mode I stress intensity factor, and k is Kolosov’s constant for
plane stress and plane strain conditions. The plane stress k value was considered in the
boundary conditions, i.e.,

k =
3 − ν

1 + ν
(21)

where ν is the Poisson’s ratio. Bakker [23] showed that a cracked plate under plane stress
undergoes a change to plane strain behaviour near the crack tip. He proved that the radial
position, where the plane stress to plane strain transition takes place, strongly depends
on the position in the thickness direction. The degree of plane strain is essentially zero at
distances from the tip greater than five times the thickness, even in the middle plane of the
plate [24].

77



Metals 2021, 11, 403

3.3. Validation Study

The numerical results obtained for the maximum stress intensity factor are presented
in Figure 4 as a function of the thickness for a Poisson’s ratio of 0.3. The classical results for
both the plane stress state and the plane strain state are also given in Figure 4. It is evident
from Figure 4 that the stress intensity factor changes with the thickness of the plate until
the thickness exceeds a critical value. In this particular problem, the results showed that
the critical thickness is 25 mm. Once the thickness exceeds the critical dimension, the stress
field in the vertex singularity region has a negligible impact on the behavior of the whole
structure. The stress intensity factor becomes relatively constant in the sufficiently thick
plate, and is equal to the value for plane strain conditions.

Figure 4. The effect of the thickness on the maximum stress intensity factor.

4. Crack Front Shape Evaluation and Comparison with Experimental Studies

The proposed method for the evaluation of the steady-state crack front shapes was
compared against two independent experimental studies. The specimen geometries used
in the experimental tests are exhibited in Figure 5, and were made of 6082-T6 aluminium
alloy and polymethyl methacrylate (PMMA), separately. The main mechanical properties
of both materials are listed in Table 1. The former (Figure 5a) consisted of a standard
middle-crack tension specimen with a thickness of 3 mm [11,25]. The tests were conducted
under constant-amplitude axial loading using a stress ratio equal to 0.25. Figure 6a shows
an example of the typical fracture surfaces obtained in the tests. Fatigue cracks grew over a
sufficiently large distance from the initial notch to ensure the quasi-steady-state conditions
of propagation. The beach-marking technique was applied to mark the crack front at the
fracture surface.
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Figure 5. Specimen geometries used in the crack front shape evaluation: (a) 6082-T6 aluminium alloy
and (b) polymethyl methacrylate (PMMA). All dimensions are in mm.

 
Figure 6. The crack front shapes observed in the experiments for the: (a) 6082-T6 aluminium alloy reprinted with permission
from ref. [11], copyright 2021 Elsevier and (b) polymethyl methacrylate reprinted with permission from ref. [26], copyright
2021 Elsevier. Propagation direction is from left to right in case (a) and from bottom to top in case (b). All dimensions are in
millimetres.

Regarding the latter (Figure 5b), the specimen geometry was made of polymethyl
methacrylate. It had a rectangular cross-section (Figure 5b), with a thickness of 40 mm [26,27],
and an initial straight notch at the middle of the specimen. The tests were conducted
under four-point bending loading conditions using a stress ratio equal to 0. The crack front
shape was evaluated in situ using a high-resolution digital camera. As in the previous case,
fatigue cracks propagated over a sufficiently large distance from the initial notch to ensure
the quasi-steady state conditions of propagation. An example of the crack front shapes
observed in the experiments is exhibited in Figure 6b.

Figure 7a,b displays a comparison of the experimental crack front shapes and those
obtained with the proposed methods for the 6082-T6 aluminium alloy and PMMA, re-
spectively. Overall, the results showed that the equivalent-thickness method provides a
satisfactory approximation for the fatigue crack propagation under small yielding condi-
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tions. Moreover, the experimental results confirmed that the angle at which the crack front
intersects the free surface is greater than the proposed empirical equations in the sufficiently
plastic materials. We think that the careful combination of the hyperbolic and elliptical
functions might provide accurate crack front shape estimation in the presence of residual
stresses or large crack closure effects. The good agreement demonstrated in the previous
analysis confirmed the possibility of the accurate evaluation of stress intensity factors using
the proposed approach in materials controlled by 3D corner singularity effects.

 
(a) (b) 

Figure 7. A comparison between the predicated crack shapes and experimental data for the specimens composed of:
(a) 6082-T6 aluminium alloy and (b) polymethyl methacrylate.

This methodology can also be applied to conduct parametric studies associated with
the main variables affecting the fatigue crack growth of through-the-thickness cracks.
A subject that can be analysed with the developed approach is the effect of the stress
ratio on crack closure values. Figure 8 plots the ratio of the opening stress intensity
factor (Ko) to the maximum stress intensity factor (Kmax) along the crack front for both
materials. As shown, the plane stress curve represents the upper limit, while the plane
strain curve represents the lower limit. The values of Ko/Kmax are between two limiting
cases, and decrease with an increase in the stress ratio. In addition, at lower stress ratios,
the differences between the maximum and minimum values of Ko/Kmax are higher for
PMMA and tend to be closer for the aluminium alloy.

Figure 9 plots the variation in the Ko/Kmax ratio at the crack surface obtained from
the presented 3D FE simulations against previously published relationships based on
experimental tests that incorporated plasticity-induced crack closure. Notably, the results
of the presented procedure agree well with the outcomes of the experimental and theoretical
studies reported in the literature [1,16,27–29]. The variation between the presented method
and published data decreases with an increase in the R ratio, as the size of the reverse
plasticity zone (or monotonic plastic zone) becomes smaller in the fatigue crack growth
rates. These results provide further support to and validation of the numerical technique
outlined in this paper.
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(a) (b) 

Figure 8. The ratio of the opening stress intensity factor to the maximum stress intensity factor as a function of the R ratio
along the crack front: (a) 6082-T6 aluminium alloy; (b) polymethyl methacrylate.

 
(a) (b) 

Figure 9. The ratio of the of the opening stress intensity factor to the maximum stress intensity factor as a function of the
R ratio along the crack front and past published functions: (a) 6082-T6 aluminium alloy; (b) polymethyl methacrylate.

5. Conclusions

In this paper, new numerical modelling tools capable of simulating the crack shape
development of through-the-thickness fatigue cracks in finite plates were presented. The
proposed approaches assume a pre-defined crack front shape, and include plasticity-
induced crack closure. The methodology was successfully tested for cracked rectangular
cross-section geometries when subjected to Mode I loading. The following conclusions can
be drawn:

1. The maximum stress intensity factor becomes relatively constant in the sufficiently
thick plates and is equal to the value obtained for plane strain state conditions. The
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plane strain fatigue models (2D) may lead to inaccurate predictions when applied to
the analysis of fatigue crack growth of thin structural plates;

2. The proposed methodology leads to satisfactory crack front predictions, either for
ductile materials or brittle materials. Moreover, it is sensitive to the plate thickness,
enabling good results for both thin and thicker geometries. In addition, it is capable
of dealing with different stress ratios;

3. The opening stress intensity factor increases with increasing values of stress ratio,
maximum stress intensity factor, and distance from the centre of the crack. Predicted
values obtained by the proposed methodology are quite close to those found in the
literature for the same propagation conditions.

The comparison with experimental results is encouraging, and demonstrates the
validity of the underlying assumptions: (1) the crack front shape intersects the free plate
surface at the critical angle; ad (2) the local stress intensity factor can be considered as the
fatigue crack driving force, which leads to the formation of the crack front shape under
high cycling loading. The above assumptions might not be correct in the case of large
plastic effects near the crack tip. In this case, the plasticity-induced crack closure, which is
significantly different along the crack front, will be the one of the most influential factors
affecting the crack front shape.

Future work will be directed to the application of the proposed methodology to more
complex problems in terms of geometry, loading scenario, and crack shape configuration.
Lastly, the simplicity and speed of calculation of the proposed approach, compared to
the current numerical solutions used for the same purpose, make it quite attractive for
simulating the fatigue crack growth, in both practical applications and parametric studies.
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Abstract: The paper presents a comparison of the results of the fatigue crack growth rate for raw
rail steel, steel reinforced with composite material—CFRP—and also in the case of counteracting
crack growth using the stop-hole technique, as well as with an application of an “anti-crack growth
fluid”. All specimens were tested using constant load amplitude methods with a maximum loading
of Fmax = 8 kN and stress ratio R = σmin/σmax = 0.1 in order to analyze the efficiency of different
strategies of fatigue crack growth rate deceleration. It has been shown that the fatigue crack grows
fastest in the case of the raw material and slowest in the case of “anti-crack growth fluid” applica-
tion. Additionally, the study on fatigue fracture surfaces using light and scanning electron (SEM)
microscopy to analyze the crack growth mechanism was carried out. As a result of fluid activity, the
fatigue crack closure occurred and significantly decreased crack driving force and finally resulted in
fatigue crack growth decrease.

Keywords: pearlitic steel; CFRP patches; crack retardation; fatigue crack growth; failure analysis

1. Introduction

It is commonly known that each industry, e.g., automotive, marine, building, rail,
etc., requests specific parameters and types of different materials, including steel. There
are many examples of product orientation in terms of loads, strength, or wear resistance,
e.g., in the railway industry. It is expected to have high strength and high wear resistance
(rails and wheels of vehicles moving on them). However, much higher focus will be placed
on welding properties and corrosion resistance in the marine industry. Pearlitic steel is
one of the standard steels which is usually used in places where high loads and wear are
expected. It is feasible for this material to work in conditions where it might be exposed to
high loads, mainly where high loads occur in a small area. These types of loads cause a
local accumulation of stresses, which often exceed the yield point’s value. Unfortunately,
preventing plastic deformation is not easy or, in many cases, it is simply impossible to
avoid. In connection with this, more and more research is carried out on the effects of
these deformations, namely cracks and their propagation. The ability to predict the places
of crack formation and their propagation paths allows for a sufficiently quick reaction
before a tragic catastrophe occurs (break or simply the destruction of the element). The
development of fracture mechanics and methods of predicting and determining the lifetime
of components under the influence of fatigue undoubtedly contributes to the improvement
of safety and reduction of operating costs [1].

Safety, reduction of costs, and changing technologies require optimizing different
types of materials in each industry. To optimize and find the proper material for a specific
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application, many different tests are required. There are many studies on the wear rate
for different types of steel. These tests are conducted in laboratory conditions [2,3] and,
importantly, in real conditions [4,5]. Comparing the results achieved in laboratories with
real conditions greatly helps in achieving the complete characteristics of the tested materials.
Other studies mainly focus on fracture toughness [6–8] or focus on fatigue crack growth
(FCG) [9]. For example, in [7] it was shown that the fracture toughness of very good quality
pearlitic steels is at the level of 30.4 MPa

√
m at the temperature of −20 ◦C.

Additionally, another study, [6], investigated how the high shear deformation affects
the fracture toughness Kq. The tests were carried out for R260 steel, and the obtained
Kq value of the undeformed material varied from 53 to 42 MPa

√
m. These values were

obtained after one pass in flush-channel angular pressing (ECAP). It should be noted that
for these tests, the samples used were relatively thin (B = 2 mm). Therefore, unfortunately,
it is not possible to determine the actual KIc. Moreover, it is worth noting that the degree
of deformation and orientation are of great importance for fracture toughness, which was
shown in [8].

The paper presents a comparison of the results of the fatigue crack growth rate for R260
steel, steel reinforced with composite material, and also in the case of counteracting crack
growth using the stop-hole technique. Generally speaking, all methods are widely used as
deceleration methods of fatigue crack growth. Carbon fiber-reinforced polymer (CFRP)
patches are still of particular interest in various applications in civil engineering [9–12].
However, there are not many papers devoted to degradation problems in a real operational
environment [13–15]. Thus, in some cases, the historic stop-hole technique is still attractive
based on simple crack “blunting” and re-initiation period [16–18].

On the other hand, the fatigue crack growth process is strongly associated with the
crack driving force and its local condition. In [19–21], authors explained crack growth rate
decreasing with an effective stress intensity factor (crack closure concept [22]) based on
ΔKeff concept. This assumption allows us to explain, simply using a closure parameter, the
role of crack closure in analytical formulas. Recently, the concept of crack closure triggering
due to the application of fluid [23] into the crack was successfully validated for low-carbon
steel [19]. Therefore, this paper’s main goal is to compare several different (physically)
approaches in crack growth rate deceleration in pearlitic steel, which might be used for rail
manufacturing [24].

Additionally, for selected materials, visual and microscopic inspection of the frac-
ture surfaces were carried out to characterize them and understand how the fracture
development and degradation occurred.

2. Materials and Methods

2.1. Materials

The material from which all the samples presented in the study were prepared was
taken from the rail that had previously been withdrawn from use. The rail was delivered
directly from the manufacturer in a fully operational condition, and its profile conformed
to UIC60 [24]. Samples for examination were cut out under cooling with liquid in order to
avoid microstructural changes. The chemical composition of the material was spectrally
analyzed. The results are summarized in Table 1. Additionally, Table 2 lists the basic static
mechanical properties of the tested R260 steel.

Table 1. Chemical composition of the investigated R260 steel.

Chemical Composition (in % by Weight)

Element C Mn Si P S Cr Ni Mo Fe
rail steel 0.721 0.873 0.256 0.012 0.005 0.053 0.032 0.011 bal.
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Table 2. Mechanical properties of the investigated steel.

Mechanical Properties of the Rail Steel Samples

property Tensile strength (MPa) Yield strength (MPa) Elongation (%) Hardness (HV)
rail steel 998 481 14.5 258

The microstructure of the tested steel is shown in Figure 1. In addition to the samples
made of the base material, samples were also made that were reinforced with a carbon
fiber material. CFRP polymer is an extremely strong and light fiber-reinforced plastic
that contains fibers. In general, CFRP composites use thermosetting resins such as epoxy,
polyester, or vinyl ester [10]. The Sika® CarboDur® S1014/180 bands were applied to
reinforce steel specimens, pultruded carbon fiber plates on an epoxy matrix for structural
strengthening of structures. CFRP is highly used in aeronautics because of its weight (much
lighter than steel and aluminum) and strength. Carbon fiber is up to five times stronger
than typical steel material, however only in specific conditions (along the direction of fibers).
The specimens (Figure 2) were reinforced with CFRP considering how the samples were
subjected to the cyclic loading and the direction of fibers in composite material. Figure 3
shows steel specimen (base) and Figure 4 reinforced with CFRP. Two types of reinforced
specimens, with wider and narrower CFRP strips, were prepared.

Figure 1. Microstructure of tested steel; non-etched state (on the left) with noticeable small non-
metallic inclusions and pearlite structure (on the right) after etching 3% HNO3.

Figure 2. Design of compact tension specimen for fatigue crack growth rate experiment (all dimen-
sions in mm).
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Figure 3. Specimens ready to be glued with carbon fiber-reinforced polymer (CFRP) patches (strips).

Figure 4. Real specimens devoted to the experimental campaign; (a) base metal compact tension
(CT), (b) specimen after crack growth test—with drilled hole—stope hole technique, (c) full-face
one-side CFRP patch.

The Sikadur®-31 CF Normal glue was used to connect the CFRP to the steel specimen.
This adhesive is a 2-component thixotropic epoxy adhesive. This product is moisture
tolerant and based on a combination of epoxy resins and extra filler. The bonding can be
utilized in temperatures between +10 ◦C and +30 ◦C. It can be applied to join concrete
elements, natural stone, ceramics, bricks, mortar, masonry, steel, iron, aluminum, wood,
epoxy, and glass. The adhesive has the following advantages:

• easy to apply,
• good adhesion,
• high strength,
• hardens without shrinkage,
• no primer needed,
• good mechanical resistance.

2.2. Methodology

The tests were carried out on five types of samples, which are listed below:

• sample from raw steel material,
• sample from raw steel material with use of the stop-hole technique,
• sample from raw steel material with a wide CFRP patch (full face),
• sample from a raw steel material with a narrow CFRP patch (strip),
• sample from raw steel material with an application of an “anti-crack growth fluid” [23].

For the experimental campaign, compact tension (CT) specimens were prepared in
accordance with ASTM E647 [25] standard. The scheme of the specimen is shown in
Figure 2. Figures 3 and 4 show prepared specimens ready for tests.

Fatigue tests were carried out on the MTS testing machine with 100 kN capacity.
During all tests, data were acquired using MTS TestSuite™ Multipurpose Software (Series
793, MTS Systems, Corporation, Eden Prairie, MN, USA). The straight-through notches
of 2.5 mm width and 12.5 mm length were machined and pre-cracked. The pre-crack
frequency and maximum stress intensity range were 10 Hz and 15 MPa

√
m, respectively.
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For specimens without CFRP stress intensity factor was calculated based on linear elastic
fracture mechanics [25]:

ΔK =
ΔP

B
√

W
(2 + α)

(1 − α)1.5

[
0.886 + 4.64α − 13.32α2 + 14.72α3 − 5.6α4

]
, (1)

where α represents the normalized crack length a/W with a as the corresponding crack
length observed during the test; ΔP is the applied range of force; B is the thickness of the
specimen, and W is the width of specimen defined as in ASTM E647 standard [25]. Crack
length was calculated using elastic compliance [25] method automated with MTS system
special software for data analysis—Figure 5. Additionally, for specimens with CFRP, crack
length was observed in one side (without patch) of the specimen (this strategy was also
successfully applied in previous studies based on the beach marking technique in [26]) in
order to confirm registered values of crack length.

Figure 5. Sinusoidal waveform of loading and measured hysteresis loops and elastic compliance for
crack length calculations.

The crack length was monitored using MTS FCGR modular software for hysteresis
loop analysis and calculating the current crack length using the compliance method. The
exemplary graphical user interface is shown in Figure 5.

This experimental campaign began with standard steel specimens preparation and
started with fatigue crack growth rate testing with a maximum stress intensity factor
Kmax = 15 MPa*m0.5 (sinusoidal waveform, where R = 0.1) in pre-cracking phase. All types
of specimens were pre-cracked up to 14 mm crack length. Then specimens were selected
and divided into two groups; one for composite strips (gluing) and another one, “pure
metal” and “stop hole” were devoted for direct testing up to a specific number of 75,000
cycles. In this FCGR (fatigue crack growth rate) experiment phase, a constant amplitude
loading method was used. Fmax = 8 kN and R = 0.1 were kept during the experiment for
all types of specimens in order to maintain the same testing conditions for all types of
specimens.

After reaching mentioned 75,000 cycles in specimen marked as “stop hole” a hole of
5.6 mm diameter was drilled. After drilling the hole, the specimen was placed again on the
testing machine, and cyclic loading was continued in order to receive information about
fatigue crack growth within the use of the stop-hole technique.
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Specimen marked as “with_fluid” (Figures 6 and 7) was tested in special environ-
mental liquid solutions. Unique, patented fluid [23] was tested in order to trigger the
artificial crack closure phenomenon. The liquid matter, as the particular technological
environment (STE), containing an active component patented in [23] was used in the ex-
periment. The solvent serves as a transport medium of the active component into fatigue
crack. After applying the fluid into a crack cavity, it starts to interact with the crack’s metal
surfaces chemically.

Figure 6. Specimen with fluid injected into the machined notch tip of CT specimen mounted in the
hydraulic pulsator.

Figure 7. Fatigue crack growth curves for all tested specimens.

In the case of these investigations, the sample did not require any additional operations
prior to testing, besides well finishing of sides surfaces of the specimen. The sample was
subjected to the same cycling loading values as in the previously mentioned methods.
After a specified number of cycles (70,000 cycles), the injections were stopped, and the
sample was cycled until the break.

3. Fatigue Crack Growth Results and Fractography

Figure 7 presents fatigue lifetime curves for all specimens tested in the same loading
conditions. As it is noticeable comparable effect is obtained for the designed stop hole tech-
nique and composite CFRP patches. Noticeable is no extra difference in CFRPs (large and
small patch). A similar effect was also observed and described in the Authors’ paper [25]
with a numerical analysis of the CFRP effect on reducing SIF.

For direct comparison of the fluid activation effect on the crack deceleration for metallic
specimens (without CFRP) kinetic fatigue fracture diagram (KFFD) was constructed—
Figure 8.
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Figure 8. Comparison of fatigue crack growth rates for pure metallic specimens (stop hole, CT
specimen with injected fluid).

Noticeable is the high deceleration effect caused by injected fluid—much stronger
than in stop hole technique. The crack growth rate decreases at least ten times in the initial
injection. As the crack length increases (and thus injections were interrupted, the crack
was dried, for approx. ΔK = 37–38 MPa*m0.5), the crack growth rate (characterized by
slope of the linear part of KFFD) was similar to the initial slope and initial FCGR—like
that obtained for pure metal (large dots in Figure 8). Based on the above, it was decided
to analyze fatigue fracture surfaces using light and scanning electron (SEM) microscopy
in order to analyze the crack growth mechanism in both cases (with and without fluid)
due to the observed significant retardation effect of fatigue crack growth rate -before and
after of the injection. Additionally, the same type of observations was done for the “stop
hole” specimen. In Figures 9 and 10 are presented fatigue crack surfaces in the vicinity
of drilled stop-hole in a macroscopic view. Detailed SEM analysis before drilling hole
(crack tip position 3 mm after pre-crack) does not differ from the original crack path in this
steel [24]. As the crack grows (under constant load amplitude) an increasing number of
secondary cracks is observed as a natural result of increased KI values under tensile crack
growth mode—Figure 11. After drilling the hole (Figure 12) 75,000 cycles to 110,000 cycles
were required for re-initiation of fatigue crack growth. After that, the crack starts to grow
similarly as in pure CT specimen under the tensile mode, which is reflected in Figure 13 on
fractograms with a large number of secondary cracks and noticeable fatigue striations.

Figure 9. Specimen after stop hole technique testing procedure with re-initiated crack after the hole
(crack growth direction from left to right).
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Figure 10. Initial fatigue crack path (15 mm) of the tested specimen with stop hole (ΔK = 24 MPa × m0.5),
crack growth direction from bottom to top.

Figure 11. Initial fatigue crack path (22 mm) of the tested specimen with stop hole
(ΔK = 34.8 MPa × m0.5), crack growth direction from bottom to top, fracture surface located close to
drilled hole.
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Figure 12. Initial fatigue crack path (24.3 mm) of the tested specimen with stop hole (ΔK = 40 MPa ×
m0.5), crack growth direction from bottom to top, fracture surface located close to drilled hole with
reinitiated fatigue crack.

Figure 13. Initial fatigue crack path (24.5 mm) of the tested specimen with stop hole (ΔK = 40.4 MPa
× m0.5), crack growth direction from bottom to top, fracture surface located close to the drilled hole
with reinitiated fatigue crack—noticeable fatigue striations.

On the contrary to the typical crack growth mechanism in specimen tested in fluid
injections—Figure 14—an etched fracture surface was observed due to a possible mech-
anism of interaction fluid with crack surfaces and chemical reactions [19]. As a result of
interaction between the fluid and crack surfaces, a solid product of substantial volume
appears, which fills the crack cavity. The chemical mechanism on which this method
is based is similar to intrinsic crack closure caused by products of interaction between
metal and humid air or the corrosive environment due to fretting corrosion. The active
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fluid components interact with ferrous ions and form insoluble complexes. When steel
is exposed to an electrolyte (in this case to fluid), metal ions leave the lattice and enter
the electrolyte as ferrous ions. Ferrous ions and active fluid ions react to form insoluble
compounds, chelate Fe(II).

Figure 14. SEM macroscopic view on the “wet” and “dry” zone of crack propagation mechanism in
specimens tested with fluid injections.

However, natural crack closure is peculiar to fatigue crack growth at low ΔK. Therefore,
the task consisted of searching for such substance that would rapidly provide much more
intensive interaction with the metallic specimen’s crack surfaces.

The fatigue fracture surface in Figure 10 is mainly shaped by noticeable longitudinal
ridges (normal to the direction of maximum tensile stress) and facets associated with
various pearlite colony orientations.

With increasing crack length, fatigue fracture surface (Figure 11) is mainly shaped by
numerous secondary cracks resulting from increasing tensile stress in front of the growing
crack for higher values of stress intensity factor.

Large ridges mostly shaped macroscopic view on close area to drilled hole—called
“re-initiation region” (Figure 12). The fracture surface for increased crack length (Figure 13)
was characterized by microcracks in the interphase zone (plates of cementite and ferrite)
on the background of fatigue striations.

After testing in environmental—fluid—conditions, the region on the border between
dry and wet crack was particularly interesting for SEM investigations. In Figure 14, a
macroscopic view of the crack front between “wet” and “dry” zone (approx. after 150,000
cycles) is shown with marked by frames microscopic SEM images.

As it was expected in the region without fluid influence “dry zone”—Figure 14—crack
growth mechanism was typical for this steel as it was evidenced in previous specimens
(i.e., stop hole technique) and results in a similar final slope of the da/dN–ΔK diagram.
This region is also shaped mainly by the number of secondary cracks and fatigue striations.
The “wet zone” is characterized by many metal–fluid reaction products and wear parts of
the fracture surface as a consequence of the oxidization and finally artificial crack closure
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effect. Initially, based on PICC (Plasticity Induced Crack Closure). Elber [22] defined the
effective stress intensity factor range as:

ΔKe f f = Kmax − Kop, (2)

where Kmax is the maximal value of stress intensity factor; Kop is the stress intensity factor
at crack opening during fatigue cycle. Finally, the closure parameter U can be defined as:

U =
ΔKe f f

ΔKapp
. (3)

For the tested specimen, crack closure parameter U was calculated based on LQSM
(Linear Quadratic Spline Method) successfully applied in previous Authors’ papers [26].
As observed from fracture surfaces, many fluid chemical reactions products caused a
significant drop of U-value, which constitutes effective crack driving force and finally
deceleration of fatigue crack growth. A significant decrease of U-parameter was observed
after fluid injection—Figure 15. This fact may explain the combined physico-chemical
artificial crack closure effect (PCMACC).

Figure 15. Elber closure parameter variation for “fluid” specimen before and after injection (including
2 mm crack length increment).

4. Conclusions

Comparison of fatigue lifetime curves for all specimens tested in the same loading
conditions shown that a noticeable comparable effect was obtained for the designed stop
hole technique and composite CFRP patches.

Moreover, a comparison of FCGR methods shown a noticeable higher deceleration
effect caused by injected fluid than in the stop hole technique. The crack growth rate
decreases at least ten times in the initial injection.

The detailed SEM analysis of the stop hole technique’s fractogram showed no differ-
ences between paths of this sample and the raw steel before drilling the hole. After drilling
the hole, crack starts to grow in a similar manner as in pure CT specimen under the tensile
mode, which is reflected on fractograms with a large number of secondary cracks and
noticeable fatigue striations.

On the contrary to the typical crack growth mechanism in (raw specimen), in the
specimen tested with fluid injections, an etched fracture surface was observed. This
chemical treatment triggers the mechanism on which this method is based and which is
similar to intrinsic crack closure caused by products of interaction between metal and
humid air or the corrosive environment due to fretting corrosion.

Based on experimental results presented in this paper, as well as in previous paper
devoted to low-carbon steel [19], it can be concluded that the fluid should be thin enough
to fall into the crack easily and fill it. What is more, the chemical substance should
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be dissoluble to concentrations that effectively delay crack growth. It is worth noting
that this effect should be tested on a wider group of materials to validate its usefulness in
engineering practice combined with analytical modelling of crack growth retardation effect.
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24. Lesiuk, G.; Smolnicki, M.; Mech, R.; Zięty, A.; Fragassa, C. Analysis of fatigue crack growth under mixed mode (I+ II) loading

conditions in rail steel using CTS specimen. Eng. Fail. Anal. 2020, 109, 104354. [CrossRef]
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Abstract: This paper investigated the fatigue crack propagation mechanism of CP Ti at various
stress amplitudes (175, 200, 227 MPa). One single crack at 175 MPa and three main cracks via
sub-crack coalescence at 227 MPa were found to be responsible for fatigue failure. Crack deflection
and crack branching that cause roughness-induced crack closure (RICC) appeared at all studied
stress amplitudes; hence, RICC at various stages of crack propagation (100, 300 and 500 μm) could be
quantitatively calculated. Noticeably, a lower RICC at higher stress amplitudes (227 MPa) for fatigue
cracks longer than 100 μm was found than for those at 175 MPa. This caused the variation in crack
growth rates in the studied conditions.

Keywords: CP Ti; stress amplitude; fatigue crack propagation; crack growth rate; roughness-induced
crack closure

1. Introduction

Commercially pure titanium (CP Ti) possesses high ductility as well as excellent cor-
rosion resistance and biocompatibility properties; hence, it has been used in the chemical
and biomedical industries, especially in reactor container in chemical plants, and in power
station heat exchangers [1]. In these environments, cyclic loading is applied to the com-
ponents. Therefore, investigation of the fatigue behaviour of CP Ti becomes an important
research subject. Fatigue crack initiation, growth, closure and fractography are critical
features describing fatigue behaviour. A fatigue crack path may be a powerful resource
determining all the aforementioned features. For instance, roughness-induced crack closure
(RICC) is attributed to crack path deflection, especially near the threshold range, at which
a serrated or zigzag crack path is induced by microstructure-sensitive crack growth [2–4].
The tilt angle of the crack path in 2124 Al alloy is reported to be a key controlling factor for
RICC [5]. Wang and Müller [2,6] reported that RICC occurs due to a serrated crack path,
which significantly affects crack growth rates in Ti-2.5 Cu (wt%) and TIMETAL 1100 alloys.
Fatigue crack growth rates are reported to be decreased by crack path deflection [3,4,7], as
the crack path causes a direct reduction of the local driving force for crack propagation
and an increase in the total crack path length, which results in lower crack growth rates
and induces RICC. Antunes et al. [8] mentioned that cracks with larger path deflection
may result in higher mode II displacement between the two fracture surfaces, causing
higher crack closure stress intensity [9]. Ding et al. [10] correlated the fatigue crack profile
with fatigue crack growth rate in Ti–6Al–4V and Ti–4.5Al–3V–2Mo–2Fe alloys. Okayasu
et al. [11] investigated the influence of fatigue loading conditions such as, stress amplitude
and stress ratio on the contact features of fracture surfaces in annealed Carbon Steel via two
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methods: (1) Collecting fracture debris fallen from the crack surfaces; and (2) Observing
the fracture surface directly through the replica technique. They showed that the fatigue
stress amplitude and stress ratio played major factors in determining the contact status
between the mating fracture surfaces, e.g., a larger stress amplitude and smaller stress ratio
lead to stronger fracture surface contact or interaction. Student et al. [12] studied the role
of fracture surface roughness on crack closure in long-term exploited heat-resistant steel.
They reported that shear processes at the tip of a fatigue crack significantly affect crack
closure and contribute to the roughness of the fracture surface.

The above discussions evidently show that fatigue crack path can be effectively used
to investigate numerous phenomena. Unfortunately, study on the fatigue behaviour of
CP Ti related to crack path and its role in detecting fatigue phenomena such as RICC is
totally lacking in the literature. To fill this gap, the fatigue crack growth mechanism and
corresponding RICC from fatigue crack path in CP Ti has been revealed here. This will
further help in understanding fatigue crack growth at the small crack regime and the role
of RICC in such cracking.

2. Materials and Methods

The composition of the studied CP Ti is given in Table 1. A vacuum furnace heat-
treatment of the as received hot rolled sample was performed at 700 ◦C for 30 min for
obtaining equiaxed α grains. Following heat treatment, samples were machined in order
to prepare fatigue specimen with the dimensions shown in Figure 1. Because the surface
condition of the specimen in fatigue testing is very sensitive, the samples were then
carefully mechanically polished using various grades of SiC emery papers followed by
colloidal silica with hydrogen peroxide solution. The polished surfaces were then etched
using Kroll’s reagent (3HF:6HNO3:91H2O) to reveal the microstructure.

Table 1. Chemical composition (in wt%) of the CP Ti.

Ti O H Fe

Balance 0.078 0.005 0.026

Figure 1. (a) Schematic of sample with the dimensions used for the rotating bending test (dimensions in mm); (b) Y-
coordinates along the crack path profile with equidistant spacing.

Tensile tests of CP Ti samples were performed employing an Instron Universal Tensile
Machine. The dimensions of the samples were in accordance with the ASTM E8. For each
condition, three samples are tested, at room temperature and at a strain rate of 1 mm/min.
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An Ono-type rotating bending fatigue machine was used for fatigue tests, at a fre-
quency of 30 Hz. A stress interval of 25 MPa was chosen, from the fatigue limit to a stress
at which the distinction of the stress amplitude effect could be numerated. Consequently,
fatigue tests at the stresses of 175, 200 and 227 MPa were conducted. The stress ratio
(R) was −1 with sinusoidal wave form. All tests were conducted at temperature from
15–20 ◦C. During testing, a cooling fan was used to cool the specimens, as heat production
affects the deformation mechanism of Ti. During fatigue testing, the replica technique was
intermittently used at different cycles to trace out crack initiation and propagation; this
technique involved immersing replica films into methyl acetate solution and subsequently
pasting them onto the specimen surface. To then acquire the image from the replica sheet,
an optical microscope (VHX-2000 series, Keyence, Osaka, Japan) was used. One sample of
each condition was investigated. Following the fatigue tests, fractographic analysis was
conducted using a JEOL IT-300 (JEOL, Tokyo, Janpa) scanning electron microscope (SEM)
at an acceleration voltage of 30 kV.

Roughness parameters were quantitatively measured using the surface crack paths
along the fractured specimens. Two roughness parameters, (i) linear roughness parameter
(RL) and (ii) arithmetic mean deflection angle (θ), were evaluated using the equidistant spac-
ing method [3,4,13]. Figure 1b displays the equidistant spacing method used to calculate
these roughness parameters. The details of this method can be found elsewhere [3].

The linear roughness parameter, RL of a crack profile is defined as follows:

RL = L/L′ (1)

where L and L′ correspond to the true length and projected length of the crack profile,
respectively. The arithmetic mean deflection angle of a crack profile is given below:

θ=
1
n ∑n

i=1 |θi| (2)

where θi represents the angle between the profile element and X-coordinate axis and can
have either a positive or a negative value (90◦ ≤ θ ≤ −90◦), depending on the crack profile.

3. Results

3.1. Initial Microstructure, and Tensile and Fatigue Properties

Figure 2a shows the initial microstructure of the studied material. Uniformly dis-
tributed (hexagonal closed packed) α grains with an average diameter of ~35 μm can be
observed. The size of the α grains was calculated using Image J. The engineering stress–
strain curve plotted from the tensile test is shown in Figure 2b. Beyond the yielding point,
work-hardening is followed by work-softening along the stress–strain curve. The yield
strength (YS), ultimate tensile strength (UTS) and total elongation (El.) of the studied
material were measured to be 293 ± 12 MPa, 383 ± 7 MPa and 67 ± 1%, respectively.
Table 2 shows the fatigue test results at various stress amplitudes. As expected, the total life
cycle was found to be reduced with increasing stress amplitude. For instance, the sample
tested at 175 MPa survived for 6.94 × 105 cycles, while the sample tested at 227 MPa only
lasted for 1.05 × 105 cycles. At the intermediate stress amplitude of 200 MPa, the sample
failed after reaching 3.4 × 105 cycles.
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Figure 2. (a) Initial microstructure; (b) Representative stress–strain curve of the studied CP Ti.

Table 2. Summary of fatigue tests results obtained in this study.

Stress Amplitude, MPa
Crack Initiation Cycle

(×105)
Total Life Cycle (×105)

175 1.0–2.0 6.94
200 0.5–1.0 3.40
227 0.2–0.3 1.05

3.2. Fatigue Crack Nucleation and Propagation, Propagation Rate and Fractography

Figure 3 shows optical micrographs of the fatigue surface crack and its surroundings
at various cycles at 175 MPa. The microstructure in Figure 3a shows an image taken
before the test corresponding to a region where the main fatigue crack initiated. After
2 × 105 cycles, a micro-sized crack located inside an α grain can be seen (Figure 3b). This
indicates that the crack initiated between 1 × 105–2 × 105 cycles, as no crack was found
after 1 × 105 cycle (not shown here). Therefore, it is evident that most of the fatigue lifecycle
was consumed by fatigue crack propagation considering total fatigue life (6.94 × 105 cycles).
Crack propagation and its features after 4 × 105 cycles can be observed in Figure 3c, and
was predominantly transgranular in nature and thus deflected by almost every grain.
Following 6 × 105 cycles (Figure 3d), crack propagation was incremental, continuing in
transgranular mode. Some important fatigue crack propagation features, such as crack
branching (Figure 3f,h) and fine scale zig-zag (Figure 3e–h) can also be seen. Some lines,
presumably slip bands and/or deformation twinning, according to [14], appear in some
grains (Figure 3f,h). Interactions between the crack and those lines confirm that cracking
propagated along or across these slip bands/deformation twinning. Ismarrubie and
Sugano [15] have also reported such lines belonging to slip bands. While crack branching
in Figure 3f is transgranular, intergranular cracking also appears in Figure 3h.
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Figure 3. At 175 MPa: Images showing surface crack paths at different cycles: (a) Initial condition, i.e., N = 0 cycle; (b) After
N = 2 × 105 cycles; (c) After N = 4 × 105 cycles; (d) After N = 6 × 105 cycles. The free-shape object in (a) and (b) indicates a
particular area where the crack started. The red arrows illustrate crack initiation sites, and black arrows delineate the crack
tips. Examples of fine zig-zag (e,g), crack branching (f,g), and crack interactions with slip bands (e,h).

Figure 4 delineates the initiation and subsequent propagation of the main crack at
various cycles at 227 MPa. Figure 4a illustrates the main fatigue crack, with a zig-zag
pattern, after 1 × 105 cycles. This crack has been sectioned to understand its propagation
mechanism. There are three sub-cracks labeled 1–3 connected to the main crack. Sub-cracks
were labeled according to their connecting sequence with the main crack. Therefore, it can
be seen that the fatigue crack of CP Ti tested at higher stress amplitude (227 MPa) grew
by coalescing sub-cracks. Figure 4b shows the main crack after 0.4 × 105 cycles, with the
crack initiation site marked by red arrows. It is worth mentioning that the crack initiated
between 0.2 × 105–0.3 × 105 cycles, as there was no crack at 0.2 × 105 cycles (not shown
here). Similar to the sample tested at 175 MPa, this condition also consumed majority of the
total cycle of crack growth. Figure 4c–e show micrographs after 0.5 × 105, 0.7 × 105 and
0.9 × 105 cycles, respectively, where pre-coalescence of the sub-cracks with the main crack
are shown. Unlike the crack at 175 MPa, the crack at 227 MPa preferably propagated via
coalescing sub-cracks. This is the first time we saw such a difference in crack propagation
mechanism with respect to the stress amplitude in CP Ti. Of the fatigue characteristics,
a zig-zag nature and fine-scale crack branching are also visible under this condition. As
at 175 MPa, a transgranular fracture mode was also predominant in this case. It is worth
mentioning that crack propagation behavior at 200 MPa was identical to that at 227 MPa.
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Figure 4. At 227 MPa: Images displaying crack paths at different cycles. After (a) N = 1 × 105 cycles; (b) N = 0.4 × 105

cycles; (c) N = 0.5 × 105 cycles; (d) N = 0.7 × 105 cycles; (e) N = 0.9 × 105 cycles. Red arrows show the crack initiation line,
while black arrows indicate crack tips; (c) shows the main crack and sub-crack 1 before coalescing, while the main crack
and sub-crack 2 can be seen in (d); (e) shows the main crack and sub-crack 3 prior to coalescence. The yellow arrows in (a)
indicate the junctions of crack coalescence.

Figure 5 shows the relationship between crack length and number of cycles, as well as
crack propagation rate with respect to the crack length. These data have been calculated
based on the crack paths shown in Figures 3 and 4. While the crack length in the 175 MPa
sample grows steadily, crack length at 227 MPa increases abruptly after around 300 μm
(Figure 5a). On the other hand, the crack growth rate in the 227 MPa sample is significantly
higher than that of the 175 MPa sample for cracks longer than 100 μm. Figure 6 shows the
fracture surfaces of the samples tested at various stress amplitudes. Three main features,
including (i) crack initiation site (marked with green boxes), (ii) crack propagation, and
(iii) the final fracture as dimples can be observed in each sample. Higher magnification
images of the crack initiation sites are shown in Figure 6d–f. Interestingly, the position
of the dimples progressively moves toward centre of the sample with increased stress
amplitude. This corresponds to the number of cracks responsible for fracture with stress
amplitude; for instance, one single crack, two cracks and three cracks were responsible for
fracture of samples tested at 175, 200 and 227 MPa, respectively.
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(a) (b)

Figure 5. (a) Relationship between fatigue crack length and number of cycles; (b) Crack growth rate with respect to fatigue
crack length.

 

Figure 6. Fractography of the samples tested at (a) 175, (b) 200, and (c) 227 MPa. Green boxes indicate the nucleation sites
of the main cracks. Crack nucleation sites for (d) 175, (e) 200, and (f) 227 MPa stress conditions.
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4. Discussion

4.1. Fatigue Crack Initiation and Propagation

Fatigue cracks at various stress amplitudes evidently initiated from the surfaces of the
specimens (Figure 6d–f). This is consistent with earlier claims that fatigue cracks in Ti and
its alloys tend to initiate from surface in the case of continuous cyclic loading if the surface
is free of residual stress [16]. In this study, mechanical polishing followed by chemical
etching was performed in order to ensure a residual stress-free surface so that crack would
start from specimen surface. The measured angle of ~50◦ (Figures 3b and 4b) between crack
initiation and the loading axis is close to that of the maximum critical resolved shear stress
(45◦). The cracks thereafter propagated along a direction of approximately 70◦ with respect
to the loading axis, which is corresponded to mixed mode I and mode II crack growth.
Close examination of crack path shows that a significant portion of the cracks propagated
as zig-zag where the crack paths moved along or across slip bands/deformation twinning
in short distances (Figure 4e–h). Such zig-zag phenomenon has been attributed to the
alternative branching mode I and mode II in forged VT3-1 alloy [17]. Some portion of the
crack propagated along the direction perpendicular to the loading axis, corresponding
to mode II. It has been mentioned in [18,19] that a shift in direction perpendicular to the
specimen may sometimes appear in crack branching. This is consistent with the results
shown in Figure 4f. The nature of the crack path is likely not dependent on the stress
amplitude, while the number of cracks causing failure is highly dependent upon the stress
amplitude. At 175 MPa, a single crack was responsible for failure, whereas at higher stress
amplitudes the number of cracks that are responsible for failure increases. For instance, two
cracks and three cracks nucleated at different stages in samples tested at 200 and 227 MPa
(Figure 3b,c), respectively. Each of the main crack propagated via the sub-crack coalescence
mechanism (Figure 5). Therefore, it can be claimed that fatigue crack nucleation and their
propagation in CP Ti are largely dependent on the stress amplitude.

4.2. Role of Roughness Induced Crack Closure (RICC)

It is established that crack tortuosity, crack branching or their combination induce
crack closure, as they promote higher roughness [19]. In this study, we have seen crack
deflections with a zig-zag nature, crack branching, and a directional shift perpendicular to
the specimen surrounding crack branching. Therefore, it is assumed that RICC has played
a role in crack propagation. As such, the RICC for 175 and 227 MPa samples has been
calculated; the stress amplitude dependence of RICC is discussed below.

A model proposed by Pokluda and Pippan is used to quantitatively measure RICC [20].
The total maximum level of RICC,

(
δcl
δmax

)
RICC

, can be expressed as follows:

(
δcl
δmax

)
RICC

= �η
√
(R2

θ − 1) +
3η(Rθ − 1)

[
√

6 + 3(Rθ − 1)]
(3)

where C ≈ 10−1 is a dimensionless constant independent of material, Rθ = cos−1(θ), is
the arithmetic mean of the angle that dictates the crack deflection with crack propagation
(Figure 7b). η is a parameter that strongly depends on the size ratio, SR = dm/rp where
dm is the mean grain size and rp is the static plastic zone size. Static plastic zone size
varies depending on the maximal applied intensity factor as a function of the applied
stress amplitude and the crack length. Therefore, the value of η differs for different stress
amplitudes and, moreover, significantly changes during crack propagation. To assess the
values of η at various crack lengths, the following equation [21] is applied:

η = exp [−(0.886 rp/dm)2.2] (4)
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Figure 7. Roughness parameters of samples tested at the stress of 175 and 227 MPa based on the surface crack path profile:
(a) Linear roughness parameter, RL; (b) Arithmetic mean of the deflection angle, (θ). Specific fatigue life denotes the ratio of
instantaneous fatigue life (N) to total fatigue life (Nf); the ellipses in (a,b) show a comparison at a specific point.

For a small crack length, 2a = 100μm, we obtain η175 = 0.96, η227 = 0.88 and η175/η227 = 1.09.
This means that there is still a substantial level of RICC for both stress amplitudes.
For a longer crack of 2a = 300 μm, however, the result is η175 = 0.64, η227 = 0.25 and
η175/η227 = 2.56. Interestingly, the level of RICC for σa2 (=227 MPa) becomes significantly
lower than that for σa1 (=175 MPa). In the case of 2a = 500 μm, it holds η175 = 0.26,
η227 = 0.014, η175/η227 = 18.6 and the level of RICC for σa2 (=227 MPa) already becomes
negligible. The above comparative analysis clearly shows that there is a lower level of
RICC related to the higher applied stress amplitude σa2 (=227 MPa) for all fatigue cracks
longer than 100 μm, which corresponds to a higher crack growth rate under the applied
stress amplitude σa2 (=227 MPa) than that for σa1 (=175 MPa). This clearly explains the
slow crack growth up to around 100 μm of sample under the applied stress amplitude.
Crack coalescence under the applied σa2 (=227 MPa) happened for cracks much longer than
100 μm with the level of RICC lower (or even negligible) compared to that under the stress
σa1 (=175 MPa). Therefore, crack coalescence is considered to compensate for lower RICC
level for σa2 (=227 MPa). On the other hand, the crack coalescence could compensate for
the retardation of crack growth rate caused by a longer crack path due to a higher tortuosity
(i.e., zig-zag growth) of the crack when σa2 (=227 MPa). This retardation is considered to
be directly proportional to the linear roughness ratio, RL175/RL227 [21]. Indeed, the kinking
geometry does not change the level of the maximum shear stress ahead of the crack front;
therefore, the related decrease of KIa (geometrical shielding) has no considerable effect on
the crack growth rate [22].

5. Conclusions

Fatigue crack growth behaviour such as crack propagation and its features, roughness-
induced crack closure and fatigue striation with respect to various stress amplitudes (175,
200 and 227 MPa), were studied here for CP Ti. The followings are the main outcomes of
the investigation:

• Number of cycles to failure increased from 1.05 × 105 to 3.40 × 105 to 6.94 × 105 with
decreasing stress amplitude from 227 to 200 to 175 MPa, respectively. Throughout the
total life cycle, most of the cycle was spent on crack growth for all stress conditions. It
was found that cracks initiated from the surface of the samples.

• A single fatigue crack was observed to be responsible for failure of sample tested at
175 MPa. At 200 MPa, two main cracks, and at 227 MPa three cracks were recorded for
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fatigue failure. Each of the cracks at 227 MPa propagated via sub-crack coalescence.
In all conditions, crack deflection, crack branching and slip bands, which are charac-
teristics of crack closure, were noticed. Beyond the initial 100 μm, crack growth rate
for the 227 MPa sample was higher than that of the 175 MPa sample.

• RICC calculation for crack lengths of 100, 300 and 500 μm under the 175 and 227 MPa
conditions showed a remarkable outcome. Up to 500 μm crack length a substantial
RICC was calculated at 175 MPa, while the same level of RICC for 227 MPa was found
up to 300 μm. Beyond 100 μm, the RICC level for 175 MPa displayed a higher value
than at 227 MPa. This gives a reasonable explanation for the abrupt increase of crack
growth rate under the 227 MPa condition.
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Abstract: As an advanced heat exchanger for aero-turbine applications, a tubular-type heat exchanger
was developed. To ensure the optimum performance of the heat exchanger, it is necessary to assess
the structural integrity of the tubes, considering the assembly processes such as brazing. In this study,
fatigue tests at room temperature and 1000 K were performed for 0.135 mm-thick alloy 625 tubes
(outer diameter of 1.5 mm), which were brazed to the grip of the fatigue specimen. The variability in
fatigue life was investigated by analyzing the locations of the fatigue failure, fracture surfaces, and
microstructures of the brazed joint and tube. At room temperature, the specimens failed near the
brazed joint for high σmax values, while both brazed joint failure and tube side failure were observed
for low σmax values. The largest variability in fatigue life under the same test conditions was found
when one specimen failed in the brazed joint, while the other specimen failed in the middle of the
tube. The specimen with brazed joint failure showed multiple crack initiations circumferentially near
the surface of the filler metal layer and growth of cracks in the tube, resulting in a short fatigue life.
At 1000 K, all the specimens exhibited failure in the middle of the tube. In this case, the short-life
specimen showed crack initiation and growth along the grains with large through thickness in
addition to multiple crack initiations at the carbides inside the tube. The results suggest that the
variability in the fatigue life of the alloy 625 thin-tube brazed specimen is affected by the presence of
the brazed joint, as well as the spatial distribution of the grain size and carbides.

Keywords: fatigue variability; alloy 625; thin tube; fractography; microstructure

1. Introduction

Heat exchangers are one of the key components for environmentally friendly gas-
turbine engines with lower emissions and higher specific fuel consumption ratings to meet
environmental requirements and airline operation conditions [1–5]. Advanced heat ex-
changers for aero-turbine applications require compact and complicated shapes to achieve
high efficiency and size limitations. Such a design limitation sometimes necessitates the
use of submillimeter-scale thin tubes to maximize the heat exchange rate in a limited
space. However, the use of such thin tubes requires an additional assembly process called
“brazing” to connect the thin tubes to the inlet and outlet of the heat exchanger. Here,
the mechanical integrity of thin tubes (including the brazed joint) needs to be thoroughly
evaluated to ensure the optimum performance of the heat exchanger. However, it is difficult
to assess the thermo-mechanical strengths of thin tubes and brazed joints under fluctuating
loads, which simulate actual service conditions [6–14].

In the present study, a thin-tube brazed fatigue specimen was designed to evaluate
the fatigue properties of thin tubes including brazed joints at room and elevated (1000 K)
temperatures, considering the actual operating conditions of heat exchangers for the aero-
turbine engine. Here, solid-solution-strengthened Ni-based alloy 625 was chosen as the
thin-tube material. Alloy 625 has been used for a variety of components in the aerospace,
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aeronautics, marine, chemical, and nuclear industries because of its high-temperature
strength, corrosion resistance in a variety of environments, excellent fabricability, and weld-
ability (for tubing) [15–18]. Since alloy 625 components in industry fields were subjected to
high temperature operations for a long duration, it is important to secure the mechanical
properties at service temperature. V. Shankar et al. [19] extensively investigated the tensile
properties at intermediate temperatures with various strain rates. L.M. Suave et al. [20]
investigated the high temperature fatigue properties and clarified the thermal aging ef-
fect on the mechanical properties. Additionally, evaluation of the mechanical properties,
considering the structural integrity, was important to estimate the reliable properties of
the component. For the brazed superalloys, low-cycle fatigue [21,22], creep [23,24], and
thermal cycling [25] have been studied, but high-cycle fatigue has been conducted in few
studies [26,27]. In terms of the structural applications for brazed joints, J. Chen et al. [26,27]
performed a high-cycle fatigue test of alloy 625 joints brazed with the Palnicro-36MTM filler
metal to clarify the effect of single-lap joints under various lap distance-to-thickness ratios.

The alloy 625 thin-tube brazed fatigue specimens used in this study were designed
similarly to the final configuration installed in an actual heat exchanger to reliably assess
the fatigue properties of the alloy 625 thin tubes and brazed joints. A systematic study was
conducted to understand the source of fatigue variability observed in alloy 625 thin-tube
specimens. In particular, an effort was made to interpret the observed fatigue variability
in terms of the microstructural variability of thin tubes, including the brazed joint, using
microstructure analysis and fractography. The thermo-mechanical responses of the thin
tube and brazed joint were also investigated to clarify the fracture mechanism.

2. Experiments

An alloy 625 tube with a thickness of 0.135 mm and an outer diameter of 1.5 mm
was prepared by repeated drawing and heat treatment processes after initial tubing via
tungsten inert gas welding of a 0.2 mm thick strip roll. Figure 1 shows the geometry of the
newly designed thin-tube fatigue specimen. As can be seen, the thin tube was connected
to the grip (also made of alloy 625) using brazing, in the same way that a tube is brazed
to a tube sheet in an actual heat exchanger. This type of fatigue specimen allows us to
investigate the fatigue behavior of the thin tube, including the influence of the brazed joint.
The filler metal used for brazing was BNi-2, containing boron and silicon as melting point
depressants. The chemical compositions of the alloy 625 tube and filler metal are listed in
Table 1.

Figure 1. Geometry of the thin-tube brazed fatigue specimen.

Table 1. Chemical compositions of alloy 625 and BNi-2 used in this study.

Composition (wt.%)

Ni Cr Fe Co Mo Nb Ti Al C Mn Si B

Alloy 625 61.4 21.2 4.7 0.1 8.6 3.34 0.18 0.14 0.03 0.07 0.20 -
BNi-2 82 7 3 - - - - - - - 4.5 3.1
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Before the fatigue tests, the microstructure of the brazed specimen was analyzed. The
sample was polished to a 0.04 μM finish using colloidal silica and etched in 15 mL of HCl,
10 mL of acetic acid, and 10 mL of HNO3. The microstructures were then characterized
using optical microscopy and scanning electron microscopy (SEM) equipped with energy
dispersive spectroscopy (EDS). To measure the local mechanical properties, the hardness
across the brazed joint was measured using a micro-Vickers hardness tester. The applied
load was 4.903 N for the dwell time of 10 s.

Fatigue tests were performed using the MTS 810 system (MTS Systems Corp.,
Eden Prairie, MN, USA). The fatigue specimen shown in Figure 1 was connected to a
ball-joint grip with a pin for the tilt- and twist-free alignment of the specimen along the
loading direction. The applied load was measured using a 2 kN load cell (BCA-200K,
TESTA Corp., Gyeonggi-do, Korea). Fatigue tests were performed under cyclic loading
with a stress ratio (R) of 0.1 and a frequency of 10 Hz. Fatigue tests were performed at six
different maximum stresses (σmax) for the two temperatures as follows: 495, 526, 557, 587,
618, and 649 MPa for room temperature (RT), and 355, 371, 386, 402, 418, and 433 MPa
for 1000 K. Here, three to seven tests were conducted for each test condition. Fatigue test
conditions are summarized in Table 2. After the tests, fractography was performed on the
failed specimens to clarify the failure mechanisms and fatigue variability of the thin-tube
brazed specimens.

Table 2. Fatigue test conditions used in this study.

Test
Temperature (K)

Fatigue Limit
(Cycles)

Test Type Stress Ratio, R
Loading

Frequency (Hz)
Maximum Stress Level, σmax

(MPa)

300
1 × 106 Tension–tension

cyclic loading 0.1 10
495, 526, 557, 587, 618, 649

1000 355, 371, 386, 402, 418, 433

3. Results and Discussion

Figure 2 shows the SEM images of the longitudinal and radial cross-sections of an
alloy 625 thin tube prior to the fatigue test. The EDS analysis indicated that carbides of (Nb,
Ti)C were present in the tube. The size of the carbides distributed outside the tube was
larger than those distributed inside the tube. Carbide streaks along the drawing direction
were also observed, which originated from the drawing process. Figure 3 shows the
metallographs of the radial cross-section of the tube, including the weld zone in Figure 3b.
As can be seen, the grain size appears to be finer in the weld zone than in the other
regions (base metal). Despite the repeated annealing process after every drawing step,
microstructural differences between the weld zone and the base metal are still observed.
Therefore, the grain size distribution through the thickness is quite heterogeneous in the
range of approximately 1–8 grains.

Figure 2. SEM images of an alloy 625 thin tube prior to the fatigue test: (a) longitudinal and (b) radial
cross-sections.
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Figure 3. Metallographs at the radial cross-section of the tube: (a) typical base metal region and (b)
region including the weld zone.

Figure 4 shows the SEM images of the cross-section for the as-brazed fatigue specimen.
Here, Figure 4b,c presents enlarged images of the areas labeled in Figure 4a. A typical
brazing microstructure of Ni-base alloys is apparent, comprising various intermetallic
phases [28,29]. An EDS analysis in an athermal solidification zone (Figure 4b) demonstrated
that the phases marked by Z1, Z2, and Z3 are nickel boride, Ni–Si–B ternary intermetallic,
and eutectic of γ-nickel and fine nickel silicide, respectively. The microstructure at the
interface between the filler metal and the base metal shown in Figure 4c consisted of
phases marked by Z4 and Z5, which are chromium boride, and the γ-nickel solid solution,
respectively. In addition, the microhardness profile across the brazed joint was measured,
as displayed in Figure 5. The microhardness in the tube was approximately 182 HV. In the
filler metal region, however, the hardness increased to as high as 710 HV. This high hardness
value is attributed to intermetallic constituents, including nickel boride, chromium boride,
and nickel silicide, which are known for hard and brittle phases.

Fatigue tests were conducted at RT and 1000 K on the thin-tube brazed specimens,
and the S–N curves are plotted in Figure 6. Each fatigue test condition shows different
variabilities in the fatigue life (Nf). For the RT fatigue tests, the maximum variability in
Nf was found at σmax = 495 MPa, which exhibited maximum and minimum Nf values of
2,891,024 and 444,361 cycles, respectively. For the 1000 K fatigue tests, however, an even
higher maximum variability in Nf was found at σmax = 402 MPa, which showed maximum
and minimum Nf values of 781,877 and 31,909 cycles, respectively. In addition, such a
variability in Nf does not seem to show any particular relationship with the level of the
maximum stress applied, particularly for the 1000 K fatigue tests. The fatigue strengths
determined at Nf = 1 × 106 cycles were 511 and 371 MPa at RT and 1000 K, respectively.
The modified fatigue strengths with various standard deviations are listed in Table 3.
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Figure 4. (a) SEM image of the brazed region; (b,c) enlarged SEM images of the areas marked in (a).

Figure 5. Microhardness profile across the brazed region.
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Figure 6. S–N plots for all fatigue data tested at RT and 1000 K.

Table 3. Modified fatigue strength at 106 cycles with various standard deviations.

Standard Deviation
Fatigue Strength (MPa)

Reliability (%)
RT 1000 K

σ 490 357 84.2
2σ 468 343 97.7
3σ 446 329 99.9

Because the thin-tube fatigue specimen has an unusual geometry, i.e., a thin tube
brazed to the grip (Figure 1), further analysis was performed to clarify whether the
brazed joint affected the variability of the fatigue life. In Figure 7, the fatigue fracture
locations of all tested specimens are plotted as a function of Nf for different applied
stresses (σmax). Here, the fracture location (%) is the percentile fracture location rela-
tive to the distance from the grip section: 0% for fracturing at the brazed joint and 50%
for fracturing in the middle of the thin tube. As can be seen, the fatigue fracture at RT
was mainly near the brazed joint for high σmax (approximately σmax ≥ 557 MPa and
Nf < 400,000 cycles), while the fatigue fracture was either near the brazed joint or in the
thin tube for low σmax (Nf > 400,000 cycles). However, the fatigue fracture at 1000 K was
mainly in the thin tube away from the brazed joint, regardless of the magnitude of σmax.
This result implies that the presence of the brazed joint affects the fatigue life mainly for RT
fatigue at a high σmax.
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Figure 7. Variations of the fracture location as a function of fatigue life (Nf) for different σmax values at (a) RT and (b) 1000 K.

To further investigate the relationship between the fracture location and the fatigue
life at RT, fractography was performed for the two specimens, which showed a differ-
ence of approximately seven times in fatigue life even under the same test conditions
(σmax = 495 MPa). Here, the short-life tube specimen fractured near the brazed joint at
444,361 cycles, whereas the long-life tube specimen fractured in the middle of the tube at
2,891,024 cycles, as shown in Figure 8a,b, respectively. Figure 9 shows the fractography
of the two specimens tested at RT and σmax = 495 MPa. In Figure 9, the crack initiation
sites are indicated by arrows. The fracture surfaces of the short-life specimen presented in
Figure 9a,b show typical brittle fractures with multiple crack initiations (indicated by the
arrow in Figure 9b) almost everywhere near the surrounding filler metal surfaces. These
initial cracks circumferentially formed on the surfaces of the filler metal seem to propagate
toward the inside of the thin tube, leading to premature fatigue failure. The gradual change
in the fracture type from the transgranular quasi-cleavage fracture in the filler metal layer
of the outer tube to the relatively dimpled fracture of the inner tube indirectly supports
crack propagation. The microhardness profile displayed in Figure 5 indicates that the filler
metal layer in the vicinity of the brazed joint is brittle, as expected, compared with the thin
tube, owing to the presence of various intermetallic compounds (see Figure 4). Moreover, a
certain degree of stress concentration is expected at the brazed joint owing to the geometric
discontinuity (a notch effect) between the thin tube and the grip. The stress concentration
factor of the fillet in the brazed joint can be calculated quantitatively using the factor of k f
shown in Equation (1) [30]:

k f = 0.268
(

D0

r

)
+ 0.998 (1)

where k f is the stress concentration factor and D0 and r the outer diameter and radius of
fillet, respectively. By Equation (1), the k f is calculated at 1.40, which is well-coincident
with S.H. Kang et al.’s study [31]. They verified the local mechanical response of alloy 625
brazed tubes with BNi-2 filler metal by considering the geometry and the local material
properties of the brazed part, using a finite element method. Under these circumstances,
the stress caused by cycling loading tends to be unevenly distributed in the brazed joint,
and the incompatible deformation response of the filler metal layer (due to the presence
of different intermetallic compounds) facilitate crack initiation on the surfaces of the filler
metal near the brazed joint, causing a relatively short fatigue life.
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Figure 8. (a) Short-life (444,361 cycles) and (b) long-life (2,891,024 cycles) tube specimens at RT and
σmax = 495 MPa.

 

Figure 9. Fracture surfaces for (a,b) short-life (444,361 cycles) and (c,d) long-life (2,891,024 cycles)
specimens tested at RT and σmax = 495 MPa.

In contrast to the short-life specimen, the long-life specimen, which fractured in the
middle of the tube (Figure 8b), exhibited single crack initiation near the outer surface, as
shown in Figure 9c,d. It can be seen that the initial crack formed a facet perpendicular to the
loading direction (Figure 9d), which is typical for high-cycle fatigue. Unlike the short-life
specimen, which displays simultaneous crack propagation from the filler metal layer of the
outer tube to the inner tube, the long-life specimen shows a single crack propagating from
the outer tube surface through the thickness, then spreading out to the neighboring area.

The fatigue lives at 1000 K also exhibited large variability, as shown in Figure 6.
However, almost all fatigue fractures were observed in the region of the thin tube and not
in the brazed joint, as shown in Figure 7b. Accordingly, fractography was performed for
the two specimens, which showed a difference of approximately 10 times in fatigue life
(Nf = 781,887 and 78,621 cycles for the long-life and short-life specimens, respectively) at
1000 K and σmax = 402 MPa. As shown in Figure 10, both specimens displayed failure
in the tube region away from the brazed joint. Figure 11 presents the fracture surfaces
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for the short- and long-life specimens tested at 1000 K and σmax = 402 MPa. Regarding
the short-life specimen, multiple crack initiations both at the outer surface and carbides
inside the tube were observed, as indicated by the arrows in Figure 11b,c. In particular,
cracks initiated at the outer surface (arrow in Figure 11b) showed progress through the
tube thickness. Metallographs (Figure 12a,c) taken directly underneath the fracture surface
presented in Figure 11a indicate that the grain size at the crack initiation site (marked with
an arrow) is very large (only approximately two grains through the thickness). In addition,
based on the non-uniform microstructure distribution compared to the surrounding area,
the crack initiation site corresponds to the weld zone. Hence, during cyclic loading at
1000 K, the heterogeneous grain distribution can cause premature fracture, particularly in
the weld zone.

 

Figure 10. (a) Short-life (78,621 cycles) and (b) long-life (781,887 cycles) tube specimens at 1000 K
and σmax = 402 MPa.

 
Figure 11. Fracture surfaces for (a–c) short-life (78,621 cycles) and (d,e) long-life (781,887 cycles) specimens tested at 1000 K
and σmax = 402 MPa. The arrows in (a,b,d,e) indicate the crack initiation sites. (c) presents the enlarged image of the area
highlighted in (b).
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Figure 12. Microstructures directly underneath the fracture surfaces fatigue-tested at 1000 K and σmax = 402 MPa for (a,c)
short-life (78,621 cycles) and (b,d) long-life (781,887 cycles) specimens. The arrows indicate the locations of the fatigue crack
initiation.

For the long-life specimen, a single crack initiation was observed near the outer
surface, as shown in Figure 11d,e. Here, the initial surface crack is indicated by an arrow in
Figure 11e. Metallographs (Figure 12b,d) obtained directly underneath the fracture surface
presented in Figure 11d show homogeneous grain distribution over the tube. This indicates
that, for the long-life specimen, if the inhomogeneity of the weld zone does not directly
lead to fracture at the beginning of the fatigue test, the effect of grain size on the fatigue life
is reduced owing to homogenization by long-term exposure at 1000 K.

Combining the results of the fatigue life variability for the alloy 625 thin-tube brazed
specimens tested at RT and 1000 K, the following factors were found to affect the fatigue
variability: the brazed joint (particularly, the filler metal layer at the joint) and the spatial
distribution of the grain size and carbides. The presence of the brazed joint shown in
Figure 1 (and the filler metal layer provided in Figures 4 and 5) can cause a notch stress
concentration effect. Hence, the filler metal layer in the brazed part can act as a crack
initiation site, particularly for the RT fatigue and under high σmax, because the various
intermetallic phases in the filler metal layer, as well as the geometrical effect of the brazed
part, cause local deformation incompatibility under cycling loading. The fatigue crack
initiation in the filler metal layer (near the brazed joint) occurred at high σmax values
(approximately ≥ 557 MPa) and resulted in short fatigue lives (Nf < 400,000 cycles), as
shown in Figure 7a. In this case, multiple cracks initiated circumferentially in the filler metal
layer and propagated inward into the thin tube, as shown in Figure 9a,b. The largest fatigue
life variability at RT was found when one specimen failed near the brazed joint, whereas
the other specimen failed in the tube region, as shown in Figure 8, at σmax = 495 MPa,
which seems to be in a transient stress range between the brazed joint failure and the tube
failure (see Figure 7a). This result indicates that the presence of the brazed joint causes
variability in fatigue life, particularly for low σmax values.
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For 1000 K fatigue, however, no apparent brazed joint failure was observed, as shown
in Figure 7b. This is because the deformation incompatibility among different intermetallic
phases in the filler metal layer was fully accommodated (even under cycling loading) at
such a high temperature [32]. In this case, the spatial distribution of the grain size and
carbides seems to affect the fatigue life variability. The presence of a large near-surface
grain (corresponding to the weld zone), which has approximately 1–2 through-thickness
grains and can facilitate the initiation of a fatigue crack near the outer surface, as shown in
Figure 11b,c, leads to a short fatigue life. In particular, the fatigue life will be even shorter
if multiple crack initiations at carbides inside the tube occur simultaneously, as shown in
Figure 11b,c, in addition to the crack initiation at a large near-surface grain.

4. Conclusions

Variability in fatigue life at room temperature and 1000 K was investigated for brazed
alloy 625 thin-tube specimens. The fatigue life variability was found to be influenced by
the presence of the brazed joint (and its properties), as well as the spatial distribution of
the grain size and carbides.

At room temperature, a correlation between the fracture location and fatigue life was
observed. Specimens tested at σmax ≥ 557 MPa exhibited failure near the brazed joint and
relatively short fatigue lives (typically, Nf < 400,000 cycles). For σmax < 557 MPa, however,
a short-life specimen failed at the brazed joint, whereas a long-life specimen failed in the
middle of the tube. The brazed-joint failed specimens showed multiple crack initiations
circumferentially in the filler metal layer and growth of cracks through the thickness of the
tube, leading to a short fatigue life.

At 1000 K, all test specimens failed in the middle of the tube. Specifically, the short-life
specimen showed fatigue crack initiation and growth at a location with only 1–2 through-
thickness grains. Crack growth seemed to be further facilitated by multiple crack initiations
at the carbides inside the tube. In conclusion, homogeneous grain distribution within the
tube and small grains through the tube thickness can prevent premature fracture, leading
to a long fatigue life.
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Abstract: Hand-holes are present within the body of welded aluminum light poles. They are used
to provide access to the electrical wiring for both installation and maintenance purposes. Wind is
the main loading on these slender aluminum light poles and acts in a very cyclic way. In the field,
localized fatigue cracking has been observed. This includes areas around hand-holes, most of which
are reinforced with a cast insert welded to the pole. This study is focused on an alternative design,
specifically hand-holes without reinforcement. Nine poles with 18 openings were fatigue tested in
four-point bending at various stress ranges. Among the 18 hand-holes tested, 17 failed in one way
or another as a result of fatigue cracking. Typically, fatigue cracking would occur at either the 3:00
or 9:00 positions around the hand-hole and then proceed to propagate transversely into the pole
before failure. Finite element analysis was used to complement the experimental study. Models were
created with varying aspect ratios to see if the hand-hole geometry had an effect on fatigue life.

Keywords: aluminum hand-hole; nonreinforced hand-hole; fatigue test; design S-N curve; high
cycle fatigue

1. Introduction

Aluminum light poles support overhead light fixtures and are used to are illuminate
sidewalks, roadways, parking lots, recreational areas, and others. This is due to its light
weight, resistance to corrosion, high strength to weight ratio, and ease of handling and
joining. Wind is the main contribution to loading to these light poles, which can be
classified as slender structures. Fatigue cracking can occur in either steel or aluminum
when exposed to any kind of repeated loads. In these aluminum light poles, electrical wires
will run through conduit, into the hollow section of the pole, and then proceed up into the
light [1,2].

Stress concentrations occur when there are changes within the cross-sectional area
of a structural member, examples of which include connections, copes, keyways, cutouts,
and others. In modern fatigue design, specifications will use the lower bound S-N curve
established from full-scale test data as it will be the first to fail [3,4]. A series of S-N curves
represents a ranking of the stress concentration condition that is associated with different
mechanical and structural details. One way to increase fatigue life would be to minimize
or eliminate abrupt changes in the cross-section or provide smooth, gradual transitions. In
aluminum light poles, there are multiple structural details of interest. These include the
base to pole connection, mono-tube or truss arm joints truss, and the hand-holes used for
electrical access. The behavior of the fatigue in these electrical access hand-holes within
these aluminum light poles is largely unknown. The majority of the existing data that have
been collected were from large, welded steel poles [5].

Report number 176 from NCHRP (National cooperative Highway Research Program)
web only found results of unreinforced and reinforced hand-hole fatigue tests for welded
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steel structures. Lehigh University studied detail associated with steel light poles under
fatigue. During these experiments, 13 of the specimens had handholes with different
geometries (as compared with aluminum poles). During testing, zero of the hand-holes
failed or cracked. A finite element study was conducted and was used to provide an
estimate of how the stress concentration around the pole and hand-hole. On the basis of the
analysis, the research found the fatigue resistance of both the unreinforced and reinforced
hand-holes to align with AASHTO (American Association of State High and Transportation
Officals) Category E of the design S-N curves [6].

Field observations have shown that some hand-hole details are susceptible to failure
due to fatigue cracking. NCHRP report number 469 [5] described these fatigue cracks of
welded steel structures near the hand-hole in multiple states. These included California,
New Mexico, New York, and Minnesota. Subsequent inspections of different poles occurred
after the failure of a high mast light pole in Iowa. It was found that another tower had
crack associated with the hand-hole. Cracks were found in some of the aluminum light
poles along the Mullica River Bridge after a violent storm in 2011 [7]. A picture of one of
these failures was taken and can be seen in Figure 1.

 
Figure 1. Aluminum light pole containing a fatigue crack within the field.

At the University of Akron, a study was conducted on 20 light-pole specimens, with
fatigue tests conducted under bending loads. In addition to fatigue test, several static ones
were conducted in order to see how the strain distributed around the hand-hole. This study
found that the data from the welded hand-hole fatigue tests fell above the category D and
E design S-N curves of the Aluminum Design Manual [8]. Another study found that the
change in diameter of the pole has a modest effect on the fatigue life. In this companion
study, seven eight-inch poles with 14 details were tested [9].

Nine aluminum light poles, each containing two separate hand-holes, were tested
in fatigue under four-point bending. All poles were supplied to the University of Akron
and were manufactured to standards typical for the industry. Finite element models
were created to help improve the understanding of the stress concentrated around the
hand-holes. The models created had different aspect ratios.
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2. Materials and Methods

2.1. Pole Geometry and Material Properties

Nine aluminum light poles were tested under cyclic loading to examine the behavior
of the unreinforced hand-hole. These specimens consisted of a 10 in (25.4 cm) diameter
aluminum alloy extruded tube with a 1/4 in (0.635 cm) thick wall. Each of the tubes was
fabricated from aluminum alloy 6063. Typically, there is a reinforcement welded into the
hand-hole opening, but these tests used only open holes (Figure 2). Hand-holes measured
6 in (150 mm) along the length of the pole in the longitudinal direction of the pole and 4
in (100 mm) in the transverse direction. Each specimen was 144 in (3.66 m), or 12 feet in
length, with the hand-holes placed 54 in (1.37 m) in from either end. Support rollers for the
specimens were inserted 6 in (15.2 cm) from each end [10].

Figure 2. Typical geometry of a welded aluminum hand-hole detail in four-point fatigue testing. (In
this study there was no welded detail). (L = 3.66 m (144 in); D = 25.4 cm (10 in); a = 1.37 m (54 in);
b = 15.2 cm (6 in); e = 150 mm (6 in); f = 100 mm (4 in)).

Table 1 is a summary of the minimum mechanical properties of the aluminum tube.

Table 1. Mechanical properties of the aluminum tube.

Part Name Alloy Tensile Yield Strength Ultimate Tensile Strength

Tube 6063-T6 213.7 MPa (31 ksi) 241.3 MPa (35 ksi)

2.2. Fatigue Tests

Figure 3 depicts a photo of the four-point bending fatigue test setup in the lab. During
testing, a 55 kips (245 KN) MTS servo-hydraulic actuator (MTS Systems Headquarters,
Eden Prairie, MN 55344, USA) along with a control system was used to apply the loads to
the specimens. The actuator itself was mounted to a load frame capable of safely supporting
300 kips (1335 KN). Loads were applied to each of the specimens through a spreader beam
that was attached to the hydraulic system. The supports the specimens rested on consisted
of rollers that were machined to fit the cylindrical profile of the specimens.
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Figure 3. Four point bending fatigue test set-up.

Testing was conducted with a load control, while the strains were monitored using
gages that were applied around the hand-holes, along with a single gage placed in the mid-
dle of the specimen. The typical location of the strain gages can be seen in Figure 4. Strain
gages had a resistance of 350 ohms and were 1/8 in (3.175 mm) in length. Strain readings
were taken every two hours intermittently for 10 seconds using a Micro-Measurements Sys-
tem 8000 data acquisition device (Micro-Measurements A VPG Brand Raleigh, NC 27611,
USA) that was wired to the strain gages.

Figure 4. Typical strain gage location and position around the hand-holes.

All of the specimens were oriented with the hand-holes facing downwards direction
so that they were in tension during cyclic testing. Failure was achieved when the hand-hole
region was cracked to the point that the loading on the specimen could no longer be
supported. A maximum displacement was placed on the specimens for each of the fatigue
tests to ensure that both hand-holes could be tested. The upper limit was set 10% larger
than the maximum static displacement. When this maximum displacement was exceeded,
the test would automatically shut down. Once this limit was reached and the test was
stopped, the detail that failed was reinforced with a moment clamp. An image half of
the moment clamp can be seen in Figure 5. Two halves were placed around the handhole
and mechanically secured. The test was restarted and continued until the other hand-hole
failed. With the specimen being loaded in four-point bending, the moment and hence
applied stress does not change at the undamaged handhole after the moment clamp was
applied. Of the nine specimens tested, only one resulted in a catastrophic failure where
repair of the detail was not possible.
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Figure 5. Half of the moment clamp used to reinforce the hand-hole after initial failure.

Nine poles, each with two hand-holes, were tested at stress ranges between 17.24 MPa
(2.5 ksi) and 58.61 MPa (8.5 ksi). Figure 6 depicts a sketch of where the strain gages were
installed adjacent to the hand-hole. Strain gages were placed at the 3 and 9 o’clock positions,
with the addition of a strain gage in the middle of the specimen. This gage was within 2 to
3 times the tube thickness away from the edge of each hand-hole. All of the strain gages
were wired to the data acquisition system to measure the applied strains. Five specimens
were cycled at 1 Hz and four were cycled at 2 Hz. Testing continued around the clock.
Visual inspections of the hand-holes were conducted daily.

 

Figure 6. The position of strain gages installed around a hand-hole.

2.3. Finite Element Models

The finite element (FE) model was created for the four-point bending specimens in an
attempt to gain a better understanding of the stress distribution around and adjacent to the
hand-holes. All modeling was completed within Abaqus CAE (2018 version, Troy, MI 48084,
USA). The material model was a general, linear elastic material with only the modulus
of elasticity and Poisson’s ratio specified. The mechanical response and the influence of
geometry on local stresses was the primary concern and focus of the FE analysis. As such,
an advanced material model was not needed. Models were classified as “shell” models.
Loading was applied by selecting the outermost nodes on the transverse plane where the
rollers made contact with the pole. In the model, 365 individual nodes were selected, with
a concentrated load of 0.01926 N of force applied to each. A total of 7.03 N was applied
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to the tube where the rollers were located. Multiple models were created with different
aspect ratios. These included 2-1, 1.75-1, 1.5-1, 1-1, 1-1.25, and 1-1.5. The aspect ratio
was calculated by dividing length of the hand-hole by the transverse dimension of the
handhole. The purpose of the analyses was to determine whether a change in the aspect
ratio had any effect on the local stress distribution around the hand-hole. Local stresses
were mesh-dependent for this study. A finer mesh size typically increases the stresses local
to important geometric details, whereas a more course mesh often results in a reduction
in local stresses. The elements in the model consisted of a mix of both hexahedral and
tetrahedral element types. Figure 7 depicts the mesh of the 1.5-1 model. In the field, the
hand-holes with reinforcement have an aspect ratio of 1.5-1.

 

Figure 7. Overall FE model of 1.5-1.

3. Results

3.1. Fatigue Tests Results

Of the 18 hand-holes tested, 17 failed, with the results shown in Figure 8.

 

Figure 8. Fatigue test results.

All of the fatigue test data appears to follow the lower bound “E detail” S-N curve,
even though the handholes themselves were not reinforced. Additional data would be
needed to establish a lower bound for the unreinforced handholes but would be expected
to be lower than Category E. Figure 9 shows a comparison between no insert specimens
and a previous study conducted on reinforced hand-holes in 10 in diameter poles. This
figure clearly demonstrates the benefit of having the welded reinforcement around the
hand-holes [11].
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Figure 9. No insert detail vs. old 10 in data.

During fatigue testing, cracks were observed at either the 3:00 or 9:00 position along
the minor axis of the hand-hole. Typically, these cracks would initiate and then propagate
transversely into the pole from the point of origin. Cracks would become visible and
quickly progress into the pole, followed by failure. Figure 10 depicts a fatigue crack at the
3:00 position.

 

Figure 10. Fatigue crack through pole.

3.2. Finite Element Results

“Hot spots” are generally as local areas with elevated stresses and provide an indi-
cation where fatigue cracks may develop. Figures 11–16 depict the stress contour maps
along the Z-axis (longitudinal stress) for handholes with different aspect ratios. In all cases,
hot spots were most prevalent at either the 3:00 or 9:00 position. The stress concentrations
make sense due to how the loading is applied and how the hand-holes themselves are
simply an opening within the specimen. The maximum stress increased as the aspect ratio
changed from 2–1 to 1–1.5.
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Figure 11. Aspect ratio 2-1 in longitudinal (Z) direction.

 

Figure 12. Aspect ratio 1.5-1 in longitudinal (Z) direction.

 

Figure 13. Aspect ratio 1.25-1 in longitudinal (Z) direction.
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Figure 14. Aspect ratio 1-1 in longitudinal (Z) direction.

 

Figure 15. Aspect ratio 1-1.25 in longitudinal (Z) direction.

 

Figure 16. Aspect ratio 1-1.5 in longitudinal (Z) direction.

131



Metals 2021, 11, 1222

Figures 17–22 show the maximum transverse stresses along the X-axis (transverse
stress) around the hand-holes with different aspect ratios. The transverse stresses follow
the same pattern as the longitudinal, with the 1-1.5 aspect ratio having the largest local
stresses and the 2-1 having the mildest. These figures also show how stress accumulates
inside of the pole apart from the hand-hole opening itself.

 

Figure 17. Aspect ratio 2-1 in transverse (X) direction.

 

Figure 18. Aspect ratio 1.5-1 in transverse (X) direction.
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Figure 19. Aspect ratio 1.25-1 in transverse (X) direction.

 

Figure 20. Aspect ratio 1-1 in transverse (X) direction.

 

Figure 21. Aspect ratio 1-1.25 in transverse (X) direction.
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Figure 22. Aspect ratio 1-1.5 in transverse (X) direction.

The maximum longitudinal stress was plotted against the aspect ratio in order to gain
a better understanding of how the aspect ratio affects the local stress. The area was taken
along the inside of the hand-hole at the 3:00 position. This location was chosen as this
spot contained some of the largest stresses (Figure 23). Table 2 accompanies Figure 23
and provides not only longitudinal stresses, but transvers as well. Table 2 shows that the
transverse stress was negligible at the location of interest, near the 3:00 position.

 

Figure 23. Max longitudinal stress vs. aspect ratio.
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Table 2. Longitudinal and transverse stress at the 3 o’clock position for the different aspect ratios.

Aspect Ratio Longitudinal Transverses

1-1.5 118.8 5.0

1-1.25 72.0 0.9

1-1 48.4 0.1

1.5-1 44.0 0.0

1.75-1 38.5 0.0

2-1 36.7 0.1

4. Conclusions

Four-point bending fatigue tests were conducted on aluminum light pole containing
no reinforcement. Tests revealed that there was a negative effect on the fatigue life when
the cast reinforcement was removed. This was most evident when the stress range was
higher. This can be seen from Figure 9 from Section 3. A total of nine tests were conducted,
resulting in 17 data points, stressed at various different stress ranges. Finite element models
showed how different hand-hole aspect ratios affect the stress concentration. While a hand-
hole aspect ratio of 2-1 may provide the lowest local longitudinal stress, it may not be the
most practical out in the field. It is unknown how a hand-hole with an aspect ratio of 2-1
would behave if reinforced.
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Abstract: Analyzing the structural integrity of ferritic steel structures subjected to large temperature
variations requires the collection of the fracture toughness (KJc) of ferritic steels in the ductile-to-
brittle transition region. Consequently, predicting KJc from minimal testing has been of interest for
a long time. In this study, a Windows-ready KJc predictor based on tensile properties (specifically,
yield stress σYSRT and tensile strength σBRT at room temperature (RT) and σYS at KJc prediction
temperature) was developed by applying an artificial neural network (ANN) to 531 KJc data points. If
the σYS temperature dependence can be adequately described using the Zerilli–Armstrong σYS master
curve (MC), the necessary data for KJc prediction are reduced to σYSRT and σBRT. The developed KJc

predictor successfully predicted KJc under arbitrary conditions. Compared with the existing ASTM
E1921 KJc MC, the developed KJc predictor was especially effective in cases where σB/σYS of the
material was larger than that of RPV steel.

Keywords: fracture toughness; machine learning; artificial neural network; predictor; yield stress;
tensile strength; specimen size

1. Introduction

Both researchers and practitioners have characterized the fracture toughness (KJc) of
ferritic steels in the ductile-to-brittle transition (DBT) region, which is key for analyzing
the structural integrity of cracked structures subjected to large temperature changes. KJc is
associated with (I) a large temperature dependence (a change of approximately 400% corre-
sponding to a temperature change of 100 ◦C) [1–10]; (II) specimen-thickness dependence
(roughly, KJc ∝ 1/(specimen thickness)1/4) [8,11–21]; and (III) large scatter (approximately
±100% variation around the median value) [8,22,23]. Thus, understanding these three
effects is necessary for efficient KJc data collection.

Since Ritchie and Knott introduced the idea of using critical stress and distance to pre-
dict fracture toughness temperature dependence [4], researchers who explicitly or implicitly
applied this idea have obtained results that demonstrate a strong correlation between the
temperature dependence of fracture toughness and that of yield stress (σYS) [5,6]. Wallin
observed that the increase in fracture toughness with increasing temperature is not sensi-
tive to steel alloying, heat treatment, or irradiation [7]. This observation led to the concept
of a universal curve shape that applies to all ferritic steels, i.e., the difference in materials is
reflected by the temperature shift. This concept is now known as the master curve (MC)
method, as described by the American Society for Testing and Materials (ASTM) E1921 [8].
The existence of a KJc MC was physically supported by Kirk et al. based on dislocation
mechanics considerations [9,10]. They argued that the temperature dependence of KJc is
related to the temperature dependence of the strain energy density (SED). Furthermore,
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because all steels with body-centered cubic (BCC) lattice structures exhibit a unified σYS
temperature dependence, as described by the Zerilli–Armstrong (Z–A) constitutive model
(i.e., Z–A σYS MC) [24], the existence of a BCC iron lattice structure is the sole factor needed
to ensure that KJc in the DBT region has an MC. Note that Kirk et al. implicitly assumed
that the tensile-to-yield stress ratio does not vary with materials, which is not true, and will
be a source of deviation from the MC. For example, the failure of this MC to evaluate in-
creases in KJc at high temperatures has been reported for non-reactor pressure vessel (RPV)
steels [25,26]. Despite the successful application of KJc MC to RPV steels, a reexamination
of the basis of KJc MC existence and additional application limits must be reexamined for
the application of ASTM E1921 MC to ferritic steels in general and not be limited to RPV
steels.

The size dependence of KJc has been understood based on the weakest link theory
deduced as KJc ∝ 1/(specimen thickness)1/4 [17], but because this relationship cannot
describe the existence of a lower-bound KJc for large specimens, researchers have begun to
investigate the size dependence of KJc as the critical stress distribution ahead of a crack-
tip requires a second parameter in addition to J (J-A, J-T approach, etc.) [18,19], which is
categorized as a crack-tip constraint issue. Consequently, it appears that the development of
a deterministic and data-driven size effect formula is possible. ASTM E1921 provides a semi-
empirical size effect formula based on the KJc of a 1-inch-thick specimen, which considers a
lower-bound KJc of 20 MPa·m1/2 and proportionality to 1/(specimen thickness)1/4. There
are various opinions regarding this lower-bound value [27–30]; thus, the establishment of
a data-driven size effect formula that does not depend on the ∝ 1/(specimen thickness)1/4

relationship seems possible and necessary.
The statistical nature of fracture toughness has been modeled using the Weibull

distribution; some researchers used stress [22] and some used KJc [8] as the model mean
parameter. The idea of using Weibull distributions stems from the understanding that the
cleavage fracture can be modeled using the weakest link theory. ASTM E1921 [8] applies
a three-parameter Weibull distribution, which assumes a shape parameter of four and a
position parameter of 20 MPa·m1/2. The failure of this model to predict the scatter in KJc
has also been reported; Weibull parameters (shape and position) vary as functions of the
specimen size and temperature, and the parameters differ from those specified in ASTM
E1921 [31,32]. If the observed model parameters differ from the assumed parameters,
the predicted KJc and scatter deviate from the measured values. Hence, a more practical
method that can potentially prevent the mismatch of the assumed statistical model, i.e., a
data-driven approach, is necessary.

Considering the three aforementioned issues, it was considered that a data-driven KJc
predictor that captured features of a variety of BCC metals could improve KJc prediction
accuracy. Another idea was to replace time- and material-consuming fracture toughness
tests with tensile tests, assuming that KJc has a direct relationship with SED obtained via
tensile tests. Thus, the artificial neural network (ANN) approach was applied to 531 KJc
data collected in our previous works [30,33] to construct a KJc predictor based on tensile
test properties, thereby eliminating the need to conduct fracture toughness tests. The data
were obtained for five heats of RPV and seven heats of non-RPV steels. The widths W of the
specimens ranged from 20 to 203.2 mm, and the thickness-to-width ratio B/W was limited
to 0.5 (i.e., data obtained with PCCV specimens of B/W = 1 were excluded). As a result, a
Windows-ready KJc predictor, which enables KJc prediction by giving specimen size, tensile
and yield stress, was developed. Time- and material-consuming fracture toughness tests
are no more necessary.

2. Materials and Methods

2.1. Selection of Machine Learning Model

Machine learning models are used in many fields, such as search engines, image
classification, and voice recognition, and various methods have been proposed according
to the application. In this study, a tool to predict the fracture toughness KJc of a material
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under arbitrary conditions such as the specimen size and temperature, without performing
the fracture toughness test, was conducted; this is treated as a regression issue. There
are various algorithms for machine learning models for regression. In this study, a multi-
layer perceptron (MLP) was classified into an ANN that can express complex nonlinear
relationships. The regression model was constructed using the MLP regressor, which is a
scikit-learn library of the general-purpose programming language Python [34].

2.2. Overview of Multilayer Perceptron in an Artificial Neural Network

Figure 1 shows a schematic diagram of the MLP network. The MLP is a hierarchical
network comprising an input layer, a hidden layer, and an output layer; the unit of the
hidden layer is completely connected to the input and output layers [34,35].

X

X

X

Xn

a

a

a

ak

f X

Figure 1. Schematic diagram of multilayer perceptron in an ANN [35].

In Figure 1, only one hidden layer is schematically shown; however, in general,
multiple hidden layers are used to enhance the expressiveness of the model. The unit in
the hidden layer (hereinafter, referred to as the activation unit aj (j = 1~k)) is calculated
using Equation (1), where n input values are Xi and the output values are f (X).

aj = φ

(
n

∑
i=0

wh
j,iXi

)
(1)

Here, wh
j,i is the connection weight, X0 is a constant called bias, and φ of Equation (1)

is a function called the activation function. For the activation function, a function with
differentiable nonlinearity was selected to enhance the expressiveness of the model. In
this study, the rectified linear unit (ReLU) function φ(z) = max(0, z) was used and aj was
assigned to the hidden layer. The total number k of aj (the number of nodes in the hidden
layer) and the number of hidden layers are parameters that were adjusted according to the
learning accuracy. The output value f (X) can be obtained via Equation (2).

f (X) = φ
(
∑k

j=0 wo
j aj

)
, (2)

where wo
j denotes the connection weight. In Equations (1) and (2), the connection weights

wh
j,i, wo

j are unknown constants and can be obtained from the combination of known
input and output values. By assuming that the known teaching data (true value) are Y
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(to distinguish it from f (X), predicted from the input value Xi from Equation (2)), the
connection weights can be updated in Equation (3), using the loss function E.

E =
1
2 ∑

l
(Yl − fl(X))2 +

α

2 ∑
l
|wo

l |2 (3)

Here, the first term in Equation (3) is the sum of the squared residuals of the teaching
data Y and the output value f (X), and the second term is a regularization term using the
L2 norm to suppress overfitting. α is a parameter that is adjusted according to learning
accuracy. Overfitting is a problem in which training data are overfitted and unknown
data cannot be effectively generalized. Several effective optimization algorithms have
been developed to avoid falling into a locally optimal solution for updating the connection
weights. In this study, adaptive moment estimation (Adam) [36] was used. The connection
weight w is updated using Equations (4)–(9).

W(t) = w(t−1) − η
ˆm(t)√

ˆv(t) + ε

(4)

ˆm(t) =
m(t)

1 − βt
1

(5)

ˆv(t) =
v(t)

1 − βt
2

(6)

m(t) = β1m(t−1) + (1 − β1)
∂E
∂w

(7)

v(t) = β2v(t−1) + (1 − β2)

(
∂E
∂w

)2
(8)

m(0) = v(0) = 0 (9)

The recommended values were used for the adjustment parameters η, β1, β2, and
ε [36]. The error backpropagation method to update the connection weight was used,
which calculates the gradient of the loss function by moving backward from the output
layer. This method is known to be less computationally expensive than updating weights
in the forward direction [37].

2.3. Goodness Valuation of Constructed Learning Model

The goodness of valuation of the constructed machine learning model is based on the
coefficient of determination R2 in Equation (10), where n is the amount of teaching data, Yi
is the true objective value, f (X) is the predicted objective value, and the average value of
the true objective values is σY.

R2 = 1 − ∑i (Yi − fi(X))2

∑i(Yi − μY)
2 (10)

The coefficient of determination indicates the goodness of fit of the regression model
and is an evaluation index for assessing how well the predicted and true values match.
R2 = 1 when the true and predicted values are the same. There is no clear standard for the
coefficient of determination, but it can be considered compatible if it is approximately 0.5
or more.
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2.4. Dataset

For machine learning, the fracture toughness test data of 531 ferritic steels in the DBTT
region obtained by the authors or previous studies were used. Table 1 presents the chemical
compositions of the test specimens of the materials considered in the teaching data.

Table 1. Chemical compositions of the test specimens (wt %) of the considered materials.

Heat
No.

Material C Si Mn P S Ni Cr Mo V Cu Nb Ti Al

1 MiuraSFVQ1A [38]
0.18 0.18 1.46 0.002 <0.001 0.90 0.12 0.52 <0.01 - - - -
0.17 0.17 1.39 0.002 <0.001 0.87 0.11 0.50 <0.01 - - - -

2 Gopalan20MnMoNi55 [39] 0.20 0.24 1.38 0.011 0.005 0.52 0.06 0.30 - - 0.032 - 0.068

3 ShorehamA533B [40] 0.21 0.24 1.23 0.004 0.008 0.63 0.09 0.53 - 0.08 - - 0.04

4 MiuraSQV2Ah1 [38] 0.22 0.25 1.44 0.021 0.028 0.54 0.08 0.48 - 0.10 - - -

5 MiuraSQV2Ah2 [38] 0.22 0.25 1.46 0.002 0.002 0.69 0.11 0.57 - - - - -

6 GarciaS275JR [41] 0.18 0.26 1.18 0.012 0.009 <0.085 <0.018 <0.12 <0.02 0.06 - 0.022 0.034

7 GarciaS355J2 [41] 0.2 0.31 1.39 <0.012 0.008 0.09 0.05 <0.12 0.02 0.06 - 0.022 0.014

8 CiceroS460M [42] 0.12 0.45 1.49 0.012 0.001 0.016 0.062 - 0.066 0.011 0.036 0.003 0.048

9 CiceroS690Q [42] 0.15 0.40 1.42 0.006 0.001 0.160 0.020 - 0.058 0.010 0.029 0.003 0.056

10 MeshiiFY2017SCM440 [25] 0.39 0.17 0.62 0.011 0.002 0.07 1.02 0.17 - 0.10 - - -

11 MeshiiFY2012S55C [6] 0.55 0.17 0.61 0.015 0.004 0.07 0.08 - - 0.13 - - -

12 MeshiiFY2016S55C [26] 0.54 0.17 0.61 0.014 0.003 0.06 0.12 - - - - - -

Tables 2–4 summarize the material heats (heat No. 1–12) used in this study, nT
indicates the specimen thickness, and n is expressed in multiples of 25 mm. They are
fundamentally extracted from previous work [30,33], but differ slightly in terms of the
following: (1) KJc > KJc(ulimit) invalid data were excluded, (2) KJc data were limited to cases
obtained with standard specimens of thickness-to-width ratio B/W = 0.5, (3) When there
were no σYS data for the fracture toughness test temperature, it was obtained by using the
following modified Z–A σYS temperature-dependent MC [9]

σ0ZA(T) = σ0RT + C1exp
[
(T + 273.15)

(−C3 + C4 log
( .
ε
))]− 49.6 (MPa), (11)

where T is the temperature (◦C), C1 = 1033 (MPa), C3 = 0.00698 (1/K), C4 = 0.000415 (1/K),
and

.
ε = 0.0004 (1/s). The three Miura heats (heat No. 1, 4, 5) were another exception for

which linear interpolation of raw data was used because the fracture toughness and tensile
test temperatures were different.

Table 2. KJc data used to construct the proposed tensile property-based MC: RPV steel ASTM A508 equivalent.

Heat
No.

Material
Specimen Temps. Num. of

Temps.
σYS σYSRT σBRT Num. of

Specimens
T0

Type (◦C) (MPa) (MPa) (MPa) (◦C)

1 MiuraSFVQ1A [38]

1TC(T) −120~−60 4 530~640 454 594 32 −98
2TC(T) −120~−60 4 530~640 454 594 16 −98
4TC(T) −100~−80 2 560~607 454 594 12 −98

0.4TC(T) −140~−80 4 560~695 454 594 34 −98
0.4TSE(B) −140~−80 4 560~695 454 594 29 −98

2 Gopalan20MnMoNi55 [39] 1TC(T) −140~−80 3 560~667 479 616 18 −133
0.5TC(T) −140~−80 3 560~667 479 616 12 −133
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Table 3. KJc data used to construct the proposed tensile property-based KJc MC: RPV steel ASTM A533B and equivalent.

Heat
No.

Material
Specimen Temps. Num. of

Temps.
σYS σYSRT σBRT Num. of

Specimens
T0

Type (◦C) (MPa) (MPa) (MPa) (◦C)

3 ShorehamA533B [40] 1TC(T) * −100~−64 3 551~586 488 644 18 −91

4 MiuraSQV2Ah1 [38]

1TC(T) −100~−60 3 544~600 473 625 14 -93
2TC(T) −100~−60 3 544~600 473 625 14 −93
4TC(T) −80~−60 2 544~566 473 625 12 −93

0.4TC(T) −120~−60 4 544~658 473 625 32 −93
0.4TSE(B) −120~−60 4 544~658 473 625 29 −93

5 MiuraSQV2Ah2 [38]

1TC(T) −140~−80 4 542~709 461 602 23 −121
2TC(T) −100~−80 2 542~607 461 602 12 −121
4TC(T) −100~−80 2 542~607 461 602 12 −121

0.4TC(T) −140~−80 4 542~709 461 602 33 −121
0.4TSE(B) −140~−80 4 542~709 461 602 32 −121

*: Side-grooved specimens.

Table 4. KJc data used to construct the proposed tensile property-based MC: non-RPV steels.

Heat
No.

Material
Specimen Temps. Num. of

Temps.
σYS σYSRT σBRT Num. of

Specimens
T0

Type (◦C) (MPa) (MPa) (MPa) (◦C)

6 GarciaS275JR [41] 1TC(T) −50~−10 3 338~349 328 519 14 −26

7 GarciaS355J2 [41] 1TC(T) −150~−100 3 426~528 375 558 13 −134

8 CiceroS460M [42] 0.6TSE(B) −140~−100 3 597~686 473 595 14 −92

9 CiceroS690Q [42] 0.6TSE(B) −140~−100 3 899~988 775 832 13 −111

10 MeshiiFY2017SCM440 [25,30] 0.9TSE(B) −55~100 4 410~524 459 796 18 17
0.5TSE(B) −55~100 4 410~524 459 796 22 17

11 MeshiiFY2012S55C [6] 0.5TSE(B) −25~20 3 394~444 394 707 17 27

12 MeshiiFY2016S55C [26,30] 0.9TSE(B) −45~35 3 375~475 382 685 17 15
0.5TSE(B) −85~20 3 382~562 382 685 19 15

The objective variable was KJc. Assuming a direct relationship between the SED tem-
perature dependence and that of KJc, σB temperature dependence was the first candidate
explanatory parameter. However, considering that (i) σB/σYS temperature dependence
is small, (ii) ferritic steel has a σYS temperature-dependent MC such as Z−A MC, and
(iii) σB/σYS at RT is usually easily available, σB and σYS at RT, and σYS at KJc test tempera-
tures and specimen width W were selected as the explanatory variables. To optimize the
connection weight, 371 points, i.e., 70% of the 531 points in the known dataset, were used
as the training data. The data were divided by “train_test_split” of Python’s scikit-learn
library. If the digits of the input value and output value to be learned are significantly dif-
ferent, the influence of variables with small digits may not be fully considered in learning.
Therefore, in this study, the input values W, σYS, σYSRT, σBRT, and output value KJc were
standardized, as shown in Equation (12).

⎛
⎜⎜⎜⎜⎜⎝

W (mm)
σYS (MPa)

σYSRT (MPa)
σBRT (MPa)

KJc

(
MPa·m1/2

)

⎞
⎟⎟⎟⎟⎟⎠

Normalized→

⎛
⎜⎜⎜⎜⎝

W/50
σYS/550

σYSRT/550
σBRT/550
KJc/100

⎞
⎟⎟⎟⎟⎠ (12)

Here, with reference to ASTM E1921, W was normalized using the width 50 mm
of a 1T specimen, and the yield stress and tensile strength were normalized using the
average value of 550 MPa of the yield stress of 275 to 825 MPa in the allowable temperature
range targeted by the standard. KJc was normalized to a fracture toughness of value
100 MPa·m1/2 at the reference temperature.
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2.5. Fracture Toughness Prediction by the Constructed Learning Model

Table 5 presents a list of hyperparameters used for the machine learning model in
this study. Using the data in Tables 2–4 and the parameters in Table 5, which is currently
an invariant model, the coefficient of determination R2 of the developed KJc predictor
was 0.61 for the training data and 0.53 for the test data. Table 6 presents the explanation
variables for predicting fracture toughness KJc.

Table 5. Hyperparameters used for the learning model.

Parameters Value

Number of hidden layers 4

Number of hidden layer nodes 100, 50, 25, 10

Activation function ReLU

Solver Adam

α 0.01

η 0.001

β1 0.9

β2 0.999

ε 1.0 × 10−8

Table 6. Explanatory variables for case studies applied to the developed tool.

Heat
No.

Material W (mm) T (◦C) σYSRT (MPa) σYS (MPa) σBRT (MPa)

1 Miura SFVQ1A

20 −140, −120,
−100, −80 454 695, 640, 607, 560 594

50.8 −120, −100,
−80, −60 454 640, 607, 560, 530 594

101.6 −120, −100,
−80, −60 454 640, 607, 560, 530 594

203.2 −80, −100 454 607, 560 594

10 MeshiiFY2017SCM440
25 −55, 20, 60 100 459 524, 459, 435, 410 796
46 −55, 20, 60, 100 459 524, 459, 435, 410 796

The input data (W, σYS, σYSRT, σBRT) for the developed KJc predictor and output
window after its execution (the coefficient of determination R2 and the predicted KJc) are
shown in Figure 2. In Figure 3, the comparison of KJc of ASTM E1921 MC and predicted
KJc by the predictor is shown. In Figure 3, the horizontal axis is T, the vertical axis KJc(1T)
is the test data, and the predicted KJc is converted to 1T thickness. The KJc of the ASTM
E1921 MC is plotted as a black solid line, the KJc of the test data are plotted as open black
symbols, and the predicted conditions listed in Table 6 are plotted as open red symbols.
In Figure 3a, for RPV steel, both the KJc by the ASTM E1921 MC and the predicted KJc
by this model are in agreement with the test results. However, in Figure 3b for SCM440,
although the KJc by the ASTM E1921 MC significantly differs from the test results at high
temperatures, the predicted KJc values by this model are in agreement with the test results.
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(a) (b) 

Figure 2. Input data (left figure) and window after execution (right figure). (a) Input data; (b) Output window.
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Figure 3. Comparison of KJc of ASTM E1921 MC (solid line) and predicted KJc by the predictor (open red symbols):
Dataset used for training model and result of predicted KJc. (a) RPV steel (Miura SFVQ1A); (b) Meshii FY2017SCM440. KJc

pre-dicted by the developed predictor accurately predicted KJc regardless of materials.

3. Discussion

By applying the ANN, a KJc predictor for ferritic steels that only requires tensile
properties (i.e., σYS at the desired temperature for predicting KJc, and the RT values σYSRT
and σBRT) were derived. This method eliminates the need for time- and material-consuming
fracture toughness tests. The tool for predicting KJc by considering the specimen size and
material properties is based on 531 fracture toughness test data values obtained from five
RPV steel heats and seven non-RPV steel heats. The specimen sizes ranged from 0.4T to
4T to learn the size effect, the yield stress ranged from 328 to 775, and the tensile strength
ranged from 519 to 832 to learn the material properties. The data range used in the training
was equal to the application limit of the predictor. The developed KJc predictor successfully
predicted training data with R2 = 0.61 and test data with R2 = 0.53.

To predict KJc at a specific temperature of interest, the user needs σYS at this tempera-
ture as well as σYSRT and σBRT at RT. If the material of interest is known to be well fitted by
the Z–A σYS MC, the quantities for which test data are necessary for KJc prediction are only
σYSRT and σBRT.

A considerable advantage of the proposed KJc predictor is that fracture toughness
tests are not necessary to predict KJc. The key novel idea here is to use tensile properties
(such as σYS and σB) and specimen size W.

Although the developed KJc predictor predicts one KJc for a combination of explana-
tory variables, the predicted KJc fracture probability is predicted by assuming the probabil-
ity distribution of the data to be learned (e.g., Weibull distribution). It is also possible to
evaluate it together, which is a future issue.

According to Tables 2–4, the (σB/σYS)RT of non-RPV and RPV are different. Accepting
Kirk’s opinion that KJc and SED correspond, ASTM E1921 MC may deviate from non-RPV.
However, this KJc predictor has an advantage in that it considers this. On this point, the
developed KJc predictor, compared with the existing ASTM E1921 KJc MC, is expected to
be especially effective in cases where σB/σYS of the material is larger than that of RPV steel.
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The predictors that were generated and analyzed during the current study are avail-
able from the corresponding author upon reasonable request.

4. Conclusions

In this study, a tool was developed that can predict KJc for an arbitrary specimen
size W and material properties (σYSRT, σYS, σBRT) via an ANN applied to 531 fracture
toughness test data values. Currently, the conditions applicable to the tool are material
properties ranging from σYSRT = 328 to 775 MPa, σBRT = 519 to 832 MPa, specimen size
ranging from 0.4T to 4T and its types are CT and SEB. By using the tool developed through
the application of data-driven ideas, it is possible to predict the fracture toughness at this
temperature from the tensile test results and the specimen size at the target temperature
of the fracture toughness without performing a fracture toughness test. In the future, it is
planned to predict the predicted probability of fracture toughness.
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Nomenclature

B test specimen thickness
J J-integral
KJc fracture toughness
T temperature (◦C)
T0 ASTM E1921 MC reference temperature (◦C) for a 25 mm thick specimen with a fracture

toughness of 100 MPa·m1/2

W specimen width
σYS, σB yield (0.2% proof) and tensile strength
σ0ZA yield stress at the temperature T (◦C) described by the Zerilli equation (i.e., Equation (11))
R2 coefficient of determination
Xi input value of MLP
aj activation unit of MLP
n number of input value
k number of activation unit
f(X) output value of MLP
wh

j,i connection weight between input value Xi and activation unit aj

φ activation function
wo

j connection weight between activation unit aj and output value f(X)
Y teaching data
E loss function
α regularization strength of L2 norm term
w(t) connection weight at timestep t in Adam
m(t) exponential moving averages of the gradient at timestep t in Adam
v(t) exponential moving averages of the squared gradient at timestep t in Adam

ˆm(t) bias-corrected first moment estimates at timestep t in Adam
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ˆv(t) bias-corrected second raw moment estimates at timestep t in Adam
η learning rate in Adam
ε hyper parameter for numerical stability in Adam
β1 hyper parameter for m(t) in Adam
β2 hyper parameter for v(t) in Adam
μY average value of the true objective values

Abbreviations

ASTM American Society for Testing and Materials
BCC body-centered cubic
C(T) compact tension; specimen type
DBT ductile-to-brittle transition
MC master curve
nT notation used to indicate specimen thickness, where n is expressed in multiples of 25 mm
RPV reactor pressure vessel
RT room temperature
SE(B) single-edge notched bend bar; specimen type
Z–A Zerilli–Armstrong
SED strain energy density
PCCV pre-cracked Charpy V-notch; specimen type
MLP multiplayer perceptron
ANN artificial neural network
ReLU rectified linear unit
Adam adaptive moment estimation
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Abstract: The 2524-T3 aluminum alloy was subjected to fatigue tests under the conditions of R = 0,
3.5% NaCl corrosion solution, and the loading cycles of 106, and the S-N curve was obtained. The
horizontal fatigue limit was 169 MPa, which is slightly higher than the longitudinal fatigue limit of
163 MPa. In addition, detailed microstructural analysis of the micro-morphological fatigue failure
features was carried out. The influence mechanism of corrosion on the fatigue crack propagation of
2524-T3 aluminum alloy was discussed. The fatigue source characterized by cleavage and fracture
mainly comes from corrosion pits, whose expansion direction is perpendicular to the principal stress
direction. The stable propagation zone is characterized by strip fractures. The main feature of the
fracture in the fracture zone is equiaxed dimples. The larger dimples are mixed with second-phase
particles ranging in size from 1 to 5 μm. There is almost a one-to-one correspondence between
the dimples and the second-phase particles. The fracture mechanism of 2524 alloy at this stage is
transformed into a micro-holes connection mechanism, and the nucleation of micropores is mainly
derived from the second-phase particles.

Keywords: 2524-T3 aluminum alloy; fatigue; corrosion; crack propagation; fracture

1. Introduction

2524-T3 aluminum alloy has the advantages of low density, high specific strength,
excellent corrosion resistance, good formability, and low cost, so it is the main material
in aircraft, vehicles, bridges, engineering equipment, and large pressure vessels [1–3]. In
the service process, 2524-T3 aluminum alloy undergoes the alternating load for a long
time, which has high requirements for the fatigue resistance of structural materials [4–6].
Especially in coastal areas and industrial areas with serious air pollution, structural parts
are exposed to varying degrees of corrosive environments, such as salt spray and acid
rain [4,7,8]. Under the interaction and synergy of alternating stress and corrosive envi-
ronment, the fatigue resistance of components is significantly lower than that of ordinary
mechanical fatigue, and the fatigue life is severely shortened. Corrosion fatigue is not a
simple superposition of corrosion and fatigue damage but rather a process of synergy and
promotion. Therefore, it has great destructive effects on the aluminum alloy structure [7,9].

Studies have been concentrated on the fatigue properties of aluminum alloys [10–12].
Zhang [13] conducted a fatigue test with A6005 aluminum alloy welded joints, demonstrat-
ing that the crack nucleation was a result of metallic oxides or discrete bar-like materials
and that the crack propagation rates were inversely proportional to fractal dimension. C.S.
Hattori et al. [14] studied the microstructure and fatigue properties of extruded aluminum
alloys 7046 and 7108. The AA7046 displayed better tensile and fatigue properties than
the AA7108. In addition, deep secondary cracks perpendicular to the growth direction of
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the main crack were visible on all fracture surfaces. In the medium and high cycle fatigue
tests of the AA7108 and AA7046, the cracks advanced in a perpendicular direction to the
elongated grains resulting from the extrusion process.

In recent years, research studies have been conducted on the corrosion fatigue perfor-
mance of aluminum alloy materials, mostly in the aerospace field. Ye et al. [15] performed
the plasma electrolytic oxidation (PEO) on 7A85 aluminum alloy, and the influence on
fatigue behavior in air and 3.5% NaCl solution was studied, demonstrating that PEO
treatments significantly reduced the corrosion fatigue life of 7A85 aluminum alloy. R.K.
et al. [16] studied the effects of corrosion on mechanical properties and fatigue life of
8011 aluminum alloy. Through tensile test and fatigue test, the research found that the
corrosion had the severest destroy on the fatigue life of 8011 aluminum alloy structures.
Zhang et al. [17] used ultrasonic nanocrystal surface modification (UNSM) to rejuvenate
the fatigue performance of pre-corroded 7075-T651 aluminum alloy, finding that the fatigue
life of the pre-corroded and UNSM treated specimens was twenty times higher than that
of the only corroded specimens. Meanwhile, the reduction of the corroded surface layer
and surface work hardening is beneficial for the fatigue performance rejuvenation of the
pre-corroded alloy.

The relationship between the texture and grains with the fatigue properties of 2524 alu-
minum alloy were studied [1,3], demonstrating that the increasing of the intensity ratio of
Cube to Brass texture is beneficial to the fatigue properties of 2524 aluminum alloy. Grain
sizes among 50 and 100 mm exhibited high fatigue crack propagation resistances. When it
comes to the effect of localized corrosion environment on fatigue properties of aluminum
alloys, the studies reported recently [18–21] put their stress on the action of corrosion
environment, especially the electrochemical effect on the fatigue life and properties.

In this paper, the corrosion fatigue properties of 2524-T3 aluminum alloy are inves-
tigated. The effect of 3.5% NaCl solution on the transverse and longitudinal corrosion
fatigue properties of the alloy is studied and compared. The crack initiation, crack prop-
agation, and the fracture processes of corrosion fatigue of 25,24-T3 aluminum alloy are
analyzed. The effects of microstructure, such as the lengths of cracks and the widths of
fatigue striations are discussed. By measuring the length of the crack and observing the
width of the fatigue striations at different stages, the change in the crack growth rate is
explained.

2. Materials and Experimental Methods

The experimental material is a 2524-T3 aluminum alloy sheet with a thickness of 4 mm,
and its chemical composition is shown in Table 1. Rectangular specimens were selected.
The longitudinal specimens were taken along the rolling direction, and the transverse
specimens are taken perpendicular to the rolling direction. The width of the working
section is 10 mm, the radius of the uniform transition chamfer is 120 mm, and the width
of the clamping end is 30 mm. The engineering drawing of the sample for the corrosion
fatigue experiment is shown in Figure 1.

Table 1. Chemical compositions of 2524-T3 aluminum alloy (%, mass fraction).

Mg Zn Cu Cr Ti Mn Si Fe Al

1.25 0.005 4.66 0.001 0.03 0.59 0.025 0.035 Bal.
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Figure 1. Engineering drawing of sample for corrosion fatigue experiment.

First, the samples were subjected to a universal tensile test on the MTS-LPS-204
universal testing machine (10 kN, MTS Industrial Co., Ltd., Eden Prairie, MN, USA) at
a temperature of 25 ◦C. Second, the corrosion fatigue tests were conducted on the MTS-
858 testing machine. The standard for the corrosion fatigue test is GB/T 20120.1-2006
(Corrosion of metals and alloys Corrosion fatigue test Part 1: Cyclic failure test) of National
Standardization Administration of P.R. China. Before the test, the sample was fixed in the
box mounted on the fatigue testing machine, as shown in Figure 2. Then, the box was
filled with 3.5% NaCl solution, and the corrosion fatigue test was conducted after the box
was sealed. The load was an axial sine wave, and the stress ratio R = 0 was selected. The
number of cycles is set to 106, the test frequency is 3 Hz, and the stress levels are 5. The
stress levels are selected according to the tensile test results, and the minimum number of
samples is confirmed by the coefficient of variation.

 

Figure 2. Setup for corrosion fatigue test: (a) MTS-LPS-204 universal testing machine; (b) box to
provide corrosion experiment.
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3. Results and Discussion

3.1. S-N Curves

The universal tensile test shows that the tensile limit of 2524-T3 aluminum alloy is
475 MPa, and the first stress level of the fatigue test is selected as 190 MPa, which is 40% of
the tensile limit. The stress levels of 2524-T3 aluminum alloy corrosion fatigue tests are
190 MPa, 180 MPa, 170 MPa, 160 MPa, and 150 MPa, respectively. The effective test results
of horizontal and longitudinal corrosion fatigue test of materials under different stress
levels are shown in Table 2. When the stress level was 150 MPa, the fracture did not appear
after loading for 106 cycles, and the experiments finished.

Table 2. Data of horizontal and longitudinal corrosion fatigue test for 2524-T3 aluminum alloy.

Stress Level Smax (MPa)
Fatigue Lifetime

of Horizontal Samples
Fatigue Lifetime

of Longitudinal Samples

190 205,856 175,863
190 235,896 168,566
190 317,856 125,622
190 295,586 192,546
190 281,658 186,245
180 302,564 324,556
180 398,564 285,644
180 412,563 385,475
180 405,532 265,456
180 546,238 326,384
170 795,562 475,631
170 682,536 568,965
170 865,893 589,625
170 795,236 532,563
170 800,522 589,632
160 862,456 632,632
160 879,446 612,563
160 952,453 685,136
160 924,522 692,369
160 852,365 663,156
150 1,000,000 1,000,000
150 1,000,000 994,633
150 1,000,000 1,000,000
150 996,223 1,000,000
150 1,000,000 1,000,000

According to the test data in Table 2 and referring to Equations (1)–(3), the aver-
age value x, standard deviation s, and coefficient of variation C of the sub-samples to
judge the validity of the data are calculated. The least-squares method [22–24] is used
to obtain a safety fatigue life curve with reliability and a confidence of 50%, as shown in
Equations (1)–(3).

x =
1
n

n

∑
i=1

lgNi = μ̂ = log N̂ (1)

σ =

√√√√√ n
∑

i=1
xi

2 − 1
n

(
n
∑

i=1
xi

)2

n − 1
(2)

C =
δmax

√
n

p
≥ σ

x
(3)

where μ̂ is the population mean estimator; σ is the population standard deviation estimator;
δmax is the error limit, usually 5%; p is the probability density, which can be determined by
looking up the table for n. The fitted curves are shown in Figure 3.
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Figure 3. Horizontal and longitudinal corrosion fatigue tests for 2524-T3 aluminum alloy.

The S-N curve of the effective corrosion test under the confidence of 50% and the
reliability of 50%, with different horizontal and longitudinal stress levels are shown in
Equations (4) and (5), respectively. The combined correlation coefficient for the curves are
0.9266 and 0.9711, respectively.

S = 502.7457 − 55.2365lgN (4)

S = 490.8512 − 49.5742lgN (5)

In Equations (4) and (5), the horizontal fatigue limit of 2524-T3 aluminum alloy
corresponding to 106 fatigue cycles is calculated to be 169 MPa, which is slightly higher
than the longitudinal fatigue limit, which is 163 MPa. So, the fatigue lifetime of the
longitudinal samples is slightly higher than that of the horizontal ones.

3.2. Fracture Analysis

Since the fracture process of the transverse and longitudinal specimens is similar, the
longitudinal fracture of the specimen under 180 MPa is taken as an example to reveal the
corrosion fatigue fracture process of the aluminum alloy.

Figure 4 is the macroscopic fatigue fracture morphology of the 2524-T3 aluminum
alloy. It can be roughly divided into three areas from right to left:

• A—corrosion pitting and crack-oriented zone;
• B—fatigue crack propagation zone;
• C—rapid fatigue fracture zone.
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Figure 4. Morphologies of fracture specimen for 2524-T3 aluminum alloy at 180 MPa stress level.

As observed from the macroscopic fracture, the initial crack is directly emitted from
the corrosion pitting of the sample. The crack propagation rate in Zone A is very slow, and
the fatigue cracks are all nucleated from the surface. The corrosion pitting morphology
can be observed in part of the shell lines in the fatigue source area, revealing that the
fatigue cracks are initiated by the pitting pits caused by corrosion. From Zone A to depth,
the crack enters the stable propagation stage, forming a flat Zone B. The fatigue crack
propagation zone is bright, indicating a brittle intergranular fracture morphology, and
numerous secondary cracks can be found in this area. As the crack continues to grow,
the stress intensity factor at the crack tip increases, the fatigue crack propagates sharply,
and the alloy enters the rapid fracture Zone C, which is rough and fibrous. The boundary
between Zone B and Zone C is an obvious arc-shaped crack front. Near the crack front, the
fracture has the mixture characteristics of crack propagation and plastic tearing.

In the crack propagation stage, the crack front is first generated near the center of the
fracture. When the crack propagates to the vicinity of the surface of the specimen, the
unbroken area cannot withstand the action of external force, and it breaks along the shear
direction 45◦ to the cyclic stress. When the crack extends to Zone C, the plane strain fracture
amount gradually decreases, and fracture occurs when it is stressed at an angle of 45◦.

Figure 5 shows the 3D morphology of the fatigue fracture surface of the specimen in
different crack regions. The dark red and dark blue in the figure indicate the highest and
lowest positions, respectively.

Figure 5a shows the surface roughness of the fatigue source region. The fatigue section
is relatively rough. At this time, the crack closure is mainly affected by the roughness.

As the crack expands, it can be clearly seen that the peaks produced by the crack
deflection are smoothed and flat, as shown in Figure 5b. It can be inferred that the
mechanism that affects the crack closure in the medium and high stress zone has changed
from roughness induction to plastic zone induction. The existence of the plastic zone at
the crack tip triggers cracks in advance or mismatched contact. The original convex wave
peaks are constantly squeezed during the cyclic loading process. Pressed and rubbed, it
becomes flat and shiny. The plastic-induced crack closure leads to the contact between the
crack surfaces in advance, and the crack-opening displacement is reduced, which indirectly
reduces the driving force of crack growth, resulting in a decrease in the crack growth rate.
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Figure 5. Three-dimensional (3D) morphology of the fatigue fracture surface of 2524-T3 aluminum alloy: (a) fatigue crack
initiation zone; (b) crack propagation zone; (c) instantaneous failure zone.

In the later stage of crack propagation, the crack is in a rapid expansion state where
the expansion and tearing are mixed. The crack may directly tear through several grains
under each load, so the section in a small area appears very flat, as shown in Figure 5c.
Meanwhile, at the upper right corner of the figure, the fracture is rising, and the feature of
tearing appears.

3.2.1. Fatigue Source and the Initial Stage of Fatigue Crack Propagation

The SEM microscopic morphology of the fatigue source zone of the specimen after
fracture at a stress level of 170 MPa is shown in Figure 6. The crack originates from the pits
generated after the surface of the material is corroded, where stress concentration occurs
under the action of fatigue loads. Excessive concentrated stress causes the dislocation
movement of the material surface to intensify, forming a small slip zone where fatigue
cracks are generated.
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Figure 6. SEM micro-morphologies of fatigue source area.

In Figure 6, the fatigue source zone radiates toward the direction the cracks propagate
and the crack front deviates in the propagation direction due to different resistances, so
the crack starts to continue to expand along a series of planes with height differences,
and the different fracture surfaces intersect to form steps, which constitute radial rays
on the fatigue fracture. Near the corrosion pits, at Region I and Region II, the cracks
originate at the corrosion pits, and there are obvious fan-shaped ray patterns along the
crack propagation direction, showing ductile fracture characteristics. Region III may be
affected by inclusions or twinning in the grains. The fracture characteristics feature a
micro-zone cleavage mechanism under stress, and the crack source spreads around. After
the main crack passes over both sides of the twinning at Region III, it continues to expand,
forming a unique “tongue”-like pattern. The microscopic fracture morphology at Region
IV presents the unique cleavage steps. Since the alloy has a high dislocation resistance at
the grain boundary, when the crack propagates to the grain boundary, to minimize the
energy consumed, the cleavage steps will expand along different crystal planes nearby. The
face-centered cubic crystal structure (FCC) 2524-T3 aluminum alloy mainly slides along
the direction <110> on the sliding surface {111} [12]. As a result of the excellent toughness
of 2524-T3 alloy, the proportion of the region with a brittle fracture is small. In addition,
a stepped crack developed into the material at Region V, indicating that the crack tip has
lateral slippage during the propagation of the main crack.

Figure 7 shows the fracture morphology of the 2524-T3 alloy at the initial stage of
fatigue crack propagation. The fatigue crack propagation zone in the initial stage is flat,
and the obvious quasi-cleavage fracture characteristics and wave-like pattern morphology
can be seen, which is the main feature of damage in the corrosive environment. The
crack propagates along a favorable direction relative to the maximum shear stress and
extends to the depth of one or several grains. There are many relatively flat facets on the
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fractures with different heights. The small planes are connected by tear ridges (Figure 7a),
demonstrating the crack propagations on different crystal planes. The tear ridges are
deflected relative to the main crack direction, resulting in a certain angle difference in the
main crack propagation direction. At the region shown by the cross-line in Figure 7b, the
deflection angle is 32◦. In addition, there are many micro-holes scattered on the cross-
section, and the size and depth of the are different. It can be inferred that these micro-holes
are caused by the coarse particles in the matrix being squeezed and stretched continuously
during the crack propagation and then peeled off from the matrix.

 
Figure 7. Morphology of fracture of 2524-T3 aluminum alloy in the initial stage of fatigue crack propagation: (a) tear ridges
and crack propagation direction; (b) micro-holes and angle difference in the main crack propagation direction.

3.2.2. Stable Stage of Fatigue Crack Propagation

The fatigue life is mainly determined by the time of crack initiation and stable
growth [25,26], and the crack propagation zone is the key feature of the fatigue frac-
ture. Figure 6 shows the stable crack propagation area at a distance of 3 mm and 10 mm
from the crack initiation end. Under ×1000 magnification, the main features in Figure 8a,c
are similar. Along the crack propagation direction, the crack propagates in the form of
transgranular fracture, and there are obvious crack edges and small planes on the fracture.
This is because there are differences in the local orientation of cracks when they propagate
inside the alloy. The resistance and growth rates encountered at the crack front are also
different. The cracks continue to deviate as they propagate along their respective favorable
slip surfaces, leaving different fracture surfaces intersecting. In Figure 8, the number of
steps at the crack length of 3 mm is larger, indicating that the crack deflection is more
frequent in the initial stage of crack propagation. The fracture contains a large number of
unevenly distributed micro-holes. These micro-holes are formed by the gradual separation,
breaking, and peeling of the unmelted coarse second-phase particles from the matrix under
the action of cyclic stress.
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Figure 8. SEM images of stable crack propagation zone: (a,b) 3 mm from the crack initiation end; (c,d) 10 mm from the
crack initiation end.

In Figure 8b,d, the relatively smooth areas of the fracture are further enlarged and
observed, and obvious fatigue striations can be observed. Fatigue striations are the most
typical microscopic feature of fatigue fracture. In Figure 8b,d, the thin and parallel fatigue
striations are uniformly distributed, forming a group of parallel lines. The fatigue stripes on
each small fracture plane are discontinuous and non-parallel, but their normal directions
are along the crack propagation direction in the local fracture plane. In the process of
crack propagation, the front of the crack is in an open plane strain state, and the crack
propagation starts to proceed along the two slip systems at the same time or across. The
double slip will cause the crack tip to be plastically passivated, i.e., fatigue striations. In
Figure 8b, the width of the five fatigue striations is about 1.6 μm, and the distance of each
ridge is about 0.32 μm, i.e., the microscopic crack propagation rate da/dN = 0.32 μm/cycle.
The width of the five fatigue striations is significantly enlarged, about 6 μm, and the crack
propagation rate is about three times higher than that at 3 mm, indicating that the spacing
of the fatigue striations increases with the increase in the magnitude of the stress intensity
factor.

Although the formation of fatigue striations is a localized process, the general prop-
agation trend is along the propagation direction of macroscopic cracks. As shown in
Figure 9, the fatigue striations on the fracture are not all distributed in the direction of crack
propagation, and some will deviate from the direction of fatigue crack propagation. As
shown in Figure 9a,b, when the fatigue crack crosses from one plane to another, it will
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also leave fatigue striations on planes with different directions and uneven heights [7].
2524-T3 aluminum alloy is solid-solution strengthened and then subjected to natural aging
treatment. The intragranular is mainly a shearable coherent phase GPB zone, and its cracks
will propagate along the favorable slip surface. Due to the orientation differences between
the two favorable slip planes in adjacent grains, the cracks continue to grow along the
favorable slip plane after growing across the grain boundary, and they gradually deflect.
The fatigue striations on both sides of the grain boundary present an angle, but there is
no clear change in the size of the fatigue striations on both sides. The deflection process
of fatigue cracks consumes the deformation and storage energy under the action of cyclic
stress, effectively reduces stress concentration, and improves the fatigue resistance of the
aluminum alloy. As shown in Figure 9c, when the fatigue crack encounters the twinning
boundary, it is swallowed by the twinning boundary and continues to expand [27,28]. The
fatigue striations show a symmetrical relationship along the twin boundary, but the widths
are unchanged, indicating that the co-lattice twinning interface energy in 2524 aluminum
alloy is relatively low, and the effect on the crack propagation rate is not obvious. When the
orientation difference of adjacent grains is not large, the crack can expand through the grain
boundary and enter another grain without changing the expansion angle too much, which
is conducive to the transgranular expansion of the crack and the formation of obvious
straight cracks. When the crack propagates in the grain, it will preferentially propagate
along a certain cleavage plane, and the propagation path may form a “Z”-shaped crack, as
shown in Figure 9d.

Figure 9. SEM images of different orientations in the stable crack propagation zone: (a,b) fatigue
fringes on adjacent grains with different orientations; (c) twinning and fatigue fringes on both sides;
(d) “Z”-shaped crack.

The 2524-T3 alloy sheet contains a large number of micron-sized second-phase par-
ticles which are generally Al2CuMg phase and Fe-rich phase. The impurity phase will
leave obvious features on the fatigue fracture. As shown in Region A in Figure 10a, there
are a large number of broken coarse second-phase particles and holes on the crack prop-
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agation path. This is because under the action of cyclic stress, some of the unmelted,
coarse second-phase particles are torn during the crack propagation process to form broken
particles, and some are separated from the matrix and leave holes. These broken particles
and holes provide a preferential path for crack propagation. In Region B, because the
coarse second-phase particles break under the action of cyclic stress, the fatigue striations
choose to bypass the particles for expansion, indicating that the cracks tend to expand in
the direction of more inclusions [29,30], bridging larger debonded inclusions, and thus, the
fatigue resistance of the material is weakened.

 
Figure 10. SEM images of coarse particles and secondary cracks in the stable crack propagation zone: (a) coarse particles;
(b) secondary cracks.

In addition, another important feature of 2524 aluminum alloy during the crack
propagation process—secondary cracking—was observed on the fracture. As shown in
Region C in Figure 10a, there are a large number of secondary cracks distributed along the
direction of the glare on the fatigue fracture. They are cracks that expand from the surface
of the fracture to the inside, which is distributed intermittently on the fracture, and the
directions are often parallel to the fatigue striations, but the depths are much greater than
the depths of the striations. Some secondary cracks are initiated and propagated along
the second-phase particles (in Figure 10b). Golden et al. [31] explained this phenomenon,
demonstrating that stress concentration leads to the accumulation of dislocations that
generate along the weak position of the phase interface, and the stress is relieved after
the second cracking. From the point of view of the energy method, the fatigue damage
process is the accumulation of strain energy in the plastic zone under cyclic stress [32,33].
The formation of secondary cracks is beneficial to release the energy at the crack tip and
slow down the crack propagation rate to a certain extent.

3.2.3. Stage of Rapid Fatigue Crack Propagation and Fatigue Fracture

When the stress intensity factor amplitude of the crack tip is ΔK ≈ 25 MPa·m1/2, the
crack enters the rapid growth zone, and the crack tip expands to the position shown by
the dotted line of the crack front in Figure 3. Near the boundary, there is a mixed fracture
morphology of the transition between the crack propagation zone and the transient zone.
This area was observed under a high-power SEM electron microscope, and the results are
shown in Figure 11.
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Figure 11. Microscopic morphology of the fatigue rapid growth zone: (a) crack propagation and
fracture transition zone; (b) instantaneous failure zone; (c,d) enlarged views of dimples, (e) EDX map
of the coarse particles.

On the right side of the dividing line (shown in Figure 11a), the crack has just trans-
ferred from the stable propagation zone to the rapid propagation zone. There are a few
fatigue striations on the fracture with a large distance of 2 μm. The fracture morphology
shows the characteristics of a mixture of fatigue bands and dimples. On the left side of the
dividing line, the material begins to lose stability, and fracture occurs. The microscopic
morphology begins to change from a mixed dimple-fatigue striation zone to a dimple tear
zone (shown in Figure 11b). Microscopically, the fracture of the dimple is honeycomb-like,
composed of many holes and small pits. The fracture morphology is characterized by
quasi-static ductile tensile fracture [34], and the fracture mechanism is a microporous
connection.
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Dimples are the main feature of fatigue fracture of 2524 alloy at this stage. Due to the
normal tensile stress of the specimen in the test, the microscopic voids in the alloy will grow
at the same rate along the three sides of the space, thus forming the equiaxed dimples in the
figure. The size of the dimples is not the same. The large dimples are full of small dimples.
A large number of sliding steps and tearing edges can be seen at the boundaries of the
dimples. This indicates that during the rapid expansion stage, the 2524 alloy fractured after
a relatively large plastic deformation. These characteristics were observed in a previous
study by Magnusen et al. [10]. The process of dimple fracture is divided into three stages:
microporous nucleation–growth–polymerization. In Figure 11b, it can be observed that the
larger-sized dimples are all mixed with second-phase particles, with sizes ranging from 1
to 5 μm. The second-phase particles have an almost one-to-one relationship, which verifies
the view that the second-phase particles are the source of micropore nucleation.

In the 2524 alloy, there are mainly impurity phases such as Mg2Si, Al7Cu2Fe, Al12FeSi,
(MgFe)3SiAl12, (FeMn)Al3, (FeMn)Al6, and S (Al2CuMg) equilibrium phase. These coarse
impurity phases are very brittle, and they are easily separated from the matrix under stress
or crack to form micro-holes (Figure 11c). Some strengthening phases (Al2CuMg) that
are relatively firmly combined with the matrix will eventually produce micro-holes due
to inconsistent plastic deformation with the matrix under the severe stress concentration
in the later stage of crack propagation, as shown in Figure 11d. Excessive coarse second
phases inside the alloy will severely affect the fracture toughness of the alloy. Therefore,
to improve the fracture toughness of the alloy, the size and quantity of the coarse second
phase should be significantly reduced. Figure 11e is an EDX map of Spectrum 1 of the
coarse particle in Figure 11c. The chemical composition of Spectrum 1 is 46.9% Al, 52.5%
Cu, 0.6% Mg, which can be judged as Al2Cu phase, which is brittle. Under the action of
alternating loads, the coarse second phase cannot simultaneously deform in coordination
with the matrix, and dislocations will continue to accumulate at the particle–phase interface
and cause stress concentration. When the peak stress in the local area exceeds the fracture
strength of the alloy, the coarse phase will be separated from the matrix at the interface and
peeled from the aluminum matrix to form cavities, which is also claimed in Ref. [35].

4. Conclusions

• Under the condition of R = 0, 3.5% NaCl corrosion solution, and the loading cycles of
106, the horizontal and longitudinal corrosion fatigue limits of the 2524-T3 aluminum
alloy are 495 and 523 MPa, respectively. The horizontal fatigue corrosion performance
is slightly better than the performance of longitudinal corrosion.

• In the morphology of the fatigue fracture, the crack closure of the fatigue source region
is mainly affected by the roughness. As the crack expands, the mechanism that affects
the crack closure in the medium and high-stress zone has changed from roughness
induction to plastic zone induction. In the later stage of crack propagation, the crack
may directly tear through several grains under each load, so the section in a small area
appears very flat.

• Fatigue cracks mainly originate from corrosion pits. In the initial stage of crack
propagation, the fracture surface shows a mixed characteristic of ductile fracture and
cleavage fracture. The cracks propagate on different crystal planes, forming small
steps with different heights and deflected tear ridges.

• During the stable propagation stage of fatigue cracks, the cracks mainly propagate
through the double-slip mechanism. At this stage, clear, smooth, and parallel plastic
fatigue striations can be observed. The width of fatigue striations increases with
the crack length or the amplitude of the stress intensity factor, and the striation
direction is perpendicular to the local crack propagation direction. When the fatigue
striations pass through the coarse second-phase particles, they expand by bypassing
the particles, indicating that the internal cracks of the alloy tend to expand in the
direction of more inclusions, bridging larger debonded inclusions, and thus, the
alloy’s fatigue resistance is weakened. In the rapid propagation/fracture stage, the
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crack propagation/fracture mechanism is transformed into a micro-holes connection
mechanism. The main characteristic morphology at this stage is equiaxed dimples.
Larger dimples are mixed with second-phase particles ranging in size from 1 to 5 μm.
The relationship between dimples and second-phase particles is almost one-to-one,
indicating that the nucleation of micropores mainly comes from the second-phase
particles in the alloy.
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1. Introduction and Scope

Devices, working structures and their elements are subjected to the influence of various
loads. These can be static, cyclic or dynamic loads. The accumulation of damage and the
development of fatigue cracks under the influence of loads is a common phenomenon
that occurs in metals. To slow down crack growth and ensure an adequate level of safety
and the optimal durability of structural elements, experimental tests and simulations are
required to determine the influence of various factors. Such factors include, among others,
the impact of microstructures, voids, notches, the environment, etc. Research carried
out in this field and the results obtained are necessary to guide development toward the
receipt of new and advanced materials that meet the requirements of the designers. This
Special Issue aims to provide the data, models and tools necessary to provide structural
integrity and perform lifetime prediction based on the stress (strain) state and, finally, the
increase in fatigue cracks in the material, which would result in the application of advanced
mathematical, numerical and experimental techniques.

2. Contributions

Fracture mechanics are present in most structures that work cyclically, e.g., in the
automotive or aviation industry. To extend the life of structures, they must be properly
fatigue-proofed and made of appropriate materials. This Special Issue shows the fatigue
behavior of various alloys and the conditions under which these alloys work. A paper
by Sharma et al. [1] reviews the research and development in the field of fatigue damage,
focusing on the very high cycle fatigue (VHCF) of metals, alloys and steels. In addition,
they showed the influence of various defects, crack initiation sites, fatigue models and
simulation studies to understand the crack development in VHCF regimes. A paper by
Wang et al. [2] investigates the influence of the crack behavior propagation process in welded
joints and sheds light on the mechanism of their branching, and a paper by Wei Xu et al. [3]
proposes an ultra-high-frequency (UHF) fatigue test of a titanium alloy TA11 based on
an electrodynamic shaker to develop a feasible testing method in the VHCF regime. The
results from UHF tests data show good consistency with those from the axial-loading
fatigue and rotating bending fatigue tests. Moreover, the fatigue life obtained from an
ultrasonic fatigue test with the loading frequency of 20 kHz is significantly higher than all
the other fatigue test results.

Artola et al. [4] investigated the impact of quench and tempering and hot-dip galva-
nizing on the hydrogen embrittlement behavior of a high-strength steel. Slow-strain-rate
tensile testing was employed to assess this influence. Two sets of specimens were tested,
both in-air and immersed in synthetic seawater. It was found that the risk of rupture only
arises due to hydrogen re-embrittlement in wet service.

The closure of the crack was discussed in three articles [5–7]. Zakavi et al. [5] presents
new tools to evaluate the crack front shape of through-the-thickness cracks propagating in
plates under quasi-steady-state conditions. A numerical approach incorporating simplified
phenomenological models of plasticity-induced crack closure was developed and validated
against experimental results.
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Lesiuk et al. [6] showed a comparison of the results of the fatigue crack growth
rate for raw rail steel, steel reinforced with composite material—CFRP—and the case of
counteracting crack growth using the stop-hole technique, as well as with an “anti-crack
growth fluid”. It has been shown that the fatigue crack grows fastest in the case of the raw
material and slowest in the case of the “anti-crack growth fluid” application. As a result of
fluid activity, the fatigue crack closure occurred, which reduced the growth of this crack.

Ahmed et al. [7] investigated the fatigue crack propagation mechanism of CP Ti at
various stress amplitudes. One crack at 175 MPa and three main cracks via sub-crack coales-
cence at 227 MPa were found to be responsible for the fatigue failure. The crack deflection
and crack branching that cause roughness-induced crack closure (RICC) appeared at all
studied stress amplitudes; hence, RICC at various stages of crack propagation (100, 300
and 500 μm) could be quantitatively calculated. Noticeably, a lower RICC was found at
higher stress amplitudes (227 MPa) for fatigue cracks longer than 100 μm than for those at
175 MPa. This caused the variation in crack growth rates under the studied conditions.

Lee et al. [8] conducted fatigue tests at room temperature and 1000 K for 0.135-mm-
thick alloy 625 tubes (outer diameter of 1.5 mm), which were brazed to the grip of the
fatigue specimen. The variability in fatigue life was investigated by analyzing the locations
of the fatigue failure, fracture surfaces and microstructures of the brazed joint and tube. At
room temperature, the specimens failed near the brazed joint. Rusnak et al. [9] fatigue tested
nine poles with 18 openings using four-point bending at various stress ranges. Among
the 18 hand-holes tested, 17 failed in one way or another as a result of fatigue cracking.
Typically, fatigue cracking would occur at either the three or nine o’clock positions around
the hand-hole and then proceed to transversely propagate into the pole before failure.
Finite element analysis was used to complement the experimental study.

Ishihara et al. [10] analyzed the structural integrity of ferritic steel structures subjected
to large temperature variations, which required the collection of the fracture toughness (KJc)
of ferritic steels in the ductile-to-brittle transition region. In this study, a Windows-ready KJc
predictor based on tensile properties (specifically, yield stress and tensile strength at room
temperature and yield stress at KJc prediction temperature) was developed by applying an
artificial neural network to 531 KJc datapoints.

Liu et al. [11] subjected the 2524-T3 aluminum alloy to fatigue tests under the con-
ditions of R = 0, a 3.5% NaCl corrosion solution and loading cycles of 106, and the S-N
curve was obtained. The horizontal fatigue limit was 169 MPa, which is slightly higher
than the longitudinal fatigue limit of 163 MPa. The influence mechanism of corrosion on
the fatigue crack propagation of the 2524-T3 aluminum alloy was discussed. The fatigue
source characterized by cleavage and fracture mainly comes from corrosion pits, whose
expansion direction is perpendicular to the principal stress direction.

3. Conclusions and Outlook

In this Special Issue, there are various topics relating to the latest approach to fatigue
crack growth. They relate to the influence of load, microstructure, friction, corrosion or to
welded joints. However, many issues in this area of research have not yet been explored
and the dissemination of these results should be continued. As a Guest Editor, I hope that
the research results presented in this Special Issue will contribute to the further progression
of research on the growth of fatigue cracks.

Finally, I would like to thank all the reviewers for their input and efforts in producing
this Special Issue, and the authors for the papers they have prepared. I would also like to
thank all the staff at the Metals Editorial Office, especially Toliver Guo, the Assistant Editor,
who managed and facilitated the publication process.
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