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A B S T R A C T   

Fatigue endurance limit is a threshold stress-amplitude under which a solid subjected to a cyclic loading can 
sustain infinite life. Such a limit has been confirmed in ferrous materials but remains controversial in many 
advanced new materials, including bulk metallic glasses with superb strength. By using a combination of ul
trasonic fatigue (USF) test and conventional fatigue test, we obtain the stress amplitude vs. loading cycle curve of 
the Vitreloy 1TM metallic glass, with loading cycles up to 109. There is a clear fatigue endurance limit (FEL) 
which is about 320 MPa, and is 17% of the strength of Vitreloy 1TM. The residual strength of survivals after 109 

cycles is nearly the same as those of intact samples. We demonstrate that all fatigue cracks initiate from spherical 
pores which are inevitable and intrinsic amid casting and fast cooling, and the fatigue crack front resembles an 
ellipse arc till final rapid rapture of all tested samples. The size and position of a pore can be utilized to extract 
the fatigue initiation threshold Kth

0 , and the elliptical fatigue crack front is used to obtain the mode I fracture 
toughness KIC, which are Kth

0 = 2.0 ± 0.5MPa
̅̅̅̅
m

√
and KIC = 18 − 20MPa

̅̅̅̅
m

√
for Vitreloy 1TM, respectively. The 

fatigue endurance limit and its intrinsic origin of Vitreloy 1TM pave the way to understand fatigue in other 
metallic glasses.   

1. Introduction 

Fatigue is the progressive, localized and permanent structural 
change accumulated in materials when they are subjected to cyclic 
strain or stress at levels lower than their yield strength [1]. Cycle by 
cycle, localized plastic deformation accumulates and triggers micro- 
cracks (stage I); these micro-cracks may then start to grow and propa
gate steadily (stage II), and end up with fast fracture (stage III). The 
applied stress amplitude (S) vs cycles (N), known as an S-N curve, is 
usually used to describe the fatigue properties of materials. The largest 
stress amplitude under which fatigue failure does not occur, the hori
zontal asymptote of stress of an S-N curve, is the fatigue endurance limit 
(FEL) of the material [2]. The FEL is one of the most significant material 
properties, and of great practical interest for many engineering struc
tures subject to fatigue failure. We may mathematically define SEL an 
FEL which a material may survive infinite number of cycles without 
fatigue for stress amplitudes below this level. In engineering practice, it 
is often determined if the material can sustain a sufficiently large 
number of cycles Nf at SEL. In convention, a broadly used cut-off number 
is 107 and we define a pseudo FEL if the material subjected to SEL can 
survive Nf0 = 107 cycles. It does not guarantee however, the materials 

are fatigue-proof if loading cycles may be greater than Nf0. Indeed, many 
alloys of both FCC and FCC lattice show a decrease in fatigue strength at 
cycle numbers greater than Nf0 [3,4]. Consequently, it raises grand 
challenges for engineering practices as nowadays structures are 
designed for safety after cycles of 109 or even higher. 

In polycrystalline fields, understanding FEL and micro-cracks initi
ation have been a long-lasting research. Models basing on dislocation 
pile up at grain boundaries for fatigue crack initiation [5] and empirical 
formula correlating the fatigue endurance limit with the square root of 
the defect projection area [6] had been proposed in the early 1980 s. 
Creative thermographic methodology and energy dissipation strategies 
[7,8], effect of inclusion in subsurface crack initiation [9], influence of 
defect geometry on fatigue limit [10], persistent slip bands structure 
energy based crack initiation criterion [11], formation of discontinuous 
gradient regimes [12] had all been explored. Progress on this respect has 
been critically reviewed, unified and documented for engineering 
practices. Effects of defects, inclusions and inhomogeneity on fatigue 
strength of materials [13–17], fatigue of materials and structures [2], 
roles of microstructure in fatigue crack initiation [3,18], models of fa
tigue endurance limit under multiaxial loading [19], notches and re
sidual stresses on fatigue mechanisms [4], text books [20], perspectives 
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[21] and guide lines for defected material fatigue design [22] had been 
reported and published. 

In the past two decades, the appearance of bulk metallic glasses 
(BMGs) attracts the attention of researchers for their high strength, su
perior elastic limit, high toughness, and good corrosion resistance 
[23–26]. MGs are significantly different from polycrystalline materials 
due to lacking of long-range orders, and they have an intrinsic inotropic 
critical dimension at tens of nanometers [27], which are about orders of 
magnitude lower than that of traditional polycrystalline materials. 

As a corollary, MGs exhibit distinct fatigue behavior in contrast to 
their polycrystalline counterparts. Gilbert et al. were the first ones to 
explore fatigue behavior of BMGs [28,29]. Their four-point-bending 
fatigue experiments with Vitreloy 1TM, with the conventional defini
tion of FEL for surviving Nf0 = 107 cycles, leaded to an ultra-low FEL 
which SEL is only about ~8% of σy − the tensile strength of Vitreloy 1TM. 
Menzel and Dauskardt reported similar experimental investigation and 
SEL is about ~10% of σy [30]. Yue et al obtained a rather high FEL, which 
is about 34% of σy for Vitreloy 1TM when the sample is subjected to 
cyclic tension, and corresponding FEL from their three-point bending 
drops to 12% of σy [31]. Wang et al, in contrast, found an FEL of ZT3 
(Ti32.8Zr30.2Ni15.3Cu9Be22.7, atom%) using three-point bending to be 
~29% of σy [32]. Fujita et al. carried out fatigue tests on ultra-high 
strength Co- and Fe-based BMGs and reported FELs close to ~50% of 
their respective strength [33]. Yokoyama et al., by adding small amount 
noble elements in Zr-Cu-Al based BMGs, reported enhanced FEL up to 
55% of their respective strength [34]. Except the conventional fatigue 
experiments mentioned above, there are also in situ experiments [35] 
and simulation [36,37] focusing on FEL of BMGs. For a comprehensive 
review, the readers are referred to the reference by Jia et al. [38]. 

Regardless the tremendous progress on research for FEL of BMGs, 
there are two critical issues which require close examination: (1) The 
extension of endurance limit beyond Nf0 = 107. So far most of the 
research missed the connection to define an FEL, based on consistent 
experiments, extending from the conventional limit cycle number Nf0 =

107 to 109 or even higher; and (2) No close examination on the intrinsic 
defects origin of FEL in BMGs which may be resulted from 
manufacturing. To fill the gap and address those two important issues 
for potential engineering applications of BMGs, we investigate in this 

paper the fatigue performance of Vitreloy 1TM using both conventional 
and ultra-sonic fatigue tests to cycles ranging from 104 to 109. 

2. Experiments 

We use the well investigated metallic glass Vitreloy 1TM (Zr41Ti14

Cu12.5Ni10Be22.5, atom%). The material is prepared in a water-cooled 
arc-melting hearth under titanium-gathered argon atmosphere. 
Elemental metals (>99.9% purity) are used to form the master alloy and 
suction-casted into cylinders of 8 mm in diameter. Those cylinders were 
then machined and polished to finish-up the dog-bone samples with 
dimensions shown in Fig. 1. The samples tested using ultrasonic fatigue 
(USF) are shown in Fig. 1a and b, and they have an axial vibration modal 
frequency of 20 KHz given the Young’s modulus of E = 100 GPa and 
Poisson’s ratio ν = 0.35. The USF tests are conducted using a Shimadzu 
USF2000. A resonant frequency of 20 KHz and R ratio of − 1 are applied, 
where R = σmin/σmax, for σmin and σmax the minimum and the maximum 
stresses during a stress cycle, respectively. A final experimental setup is 
shown in Fig. 1c. As the system is under displacement control, the stress 
amplitudes are calculated and calibrated based on the elastic response of 
the real sample shown in Fig. 1a. The fatigue life Nf of each sample is 
recorded if fatigue fracture occurs before 109 cycles. Samples tested at 
different stress amplitude may then lead to two final statuses: (1) frac
ture due to fatigue, and the fractography is characterized by using a FEI 
Sirion SEM; (2) survive after 109 cycles, we consider them to have an 
‘infinite’ life time, and apply tensile tests to obtain their residual 
strength after 109 cyclic loading. Conventional fatigued (MTS) tests 
using a servo-hydraulic MTS test system (Fig. 1d–f). A sinusoidal wave 
format at 30 Hz frequency, R ratio − 1 and loads control method are 
selected to conduct the tests until the samples fail. The sample di
mensions, applied loads, fatigue failure life, and residual strength for 
both the USF and MTS tests are all listed as in Table 1. 

3. Results and discussion 

3.1. The S-N curve of vitreloy 1TM 

The stress amplitudes and corresponding cycles from both USF and 
MTS tests are plotted in Fig. 2a. It can be seen that the both datasets in 

Fig. 1. Sample designs and fatigue test set ups. (a)–(c) Sample dimension, layout and experimental setup for ultrasonic fatigue tests; (d)–(f) Sample dimenson, layout 
and experimental setup for conventional fatigue (MTS) tests. 
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combination lead to a consistent and convincing conclusion that there is 
a fatigue endurance limit in Vitreloy 1TM. Despite the 2 to 3 orders of 
magnitude difference in loading frequency for USF tests and MTS tests, 
20 KHz and 10–30 Hz respectively, both testing methods lead to an FEL 
Sel about 320 MPa. The application of USF tests in metallic glass enables 
us to reach a fatigue cycles on the order of 109 1010, which is of sig
nificance in engineering practice for very-high cycle fatigue applica
tions. It is noted that FEL is about 17% of its strength σy of Vitreloy 1TM. 

To examine the potential impact of cyclic loading on the strength of 
BMG samples, we further conduct tensile tests to those samples survived 
the infinite fatigue life test (beyond 109 cycles) and see whether there is 
any strength degradation. The stress and strain curves of those samples 
are plotted in Fig. 2b. From the initial linear region, It can be seen that 

after 109 cycles of loading, the stress–strain curves keep linear and there 
is no elastic degradation. This may suggest that cyclic loading with stress 
amplitude below Sel does not introduce internal structural change in 
those BMG samples. After loading of 107 and 109 cycles, the samples 
exhibiting ‘infinite life time’ have an residual strength of 1861 ± 70 
MPa, which is about the same as the ultimate tensile strength of ~1900 
MPa of as-received samples. We summarize in Table 1 information of all 
samples and their experimental results. 

As note above, the limited reports about the fatigue endurance limit 
ratio of BMGs are very scattering, from 8% to 55% [38]. The big 
discrepancy may result from factors such as experiments method 
(bending, compact tension, tension, tension compression, compression 
and specific fatigue ratio R), sample goemetry (especially notched or 

Table 1 
Detailed information about samples for ultrasonic fatigue test using USF and conventional fatigue tests with MTS. The applied stress amplitude Sa, faliure cycle Nf , 
residual strength σRS for samples of “infinite life”, sample radius R at the guaged section, pore position d, pore radius r, half short axis ac and half long axis bc of the 
ellipitical fracture front, and the maximum nomal stress intensitor factor K0 (normalized by σ∞

̅̅̅̅̅
πr

√
, for σ∞ being the nominal stress, the applied loading divided by the 

fractured cross-section of the sample). Sample tested with MTS are identified by a superscript “*”.  

No. Sa(MPa) Nf (cycle) σRS(MPa) 2R(mm) 2d(μm)  2r(μm)  ac(mm) bc(mm) R/r  d/r  K0σ∞
̅̅̅̅̅
πr

√

1* 488 2.06× 104  /  3.23 34 34.8 1.61 2.273 93 0.98 1.15 

2* 433 2.80× 104  /  3.34 10 10.0 0.50 0.594 300 1.00 1.18 

3* 385 5.00× 104  /  3.35 32 40.2 0.70 0.828 85 0.80 1.03 

4* 365 5.50× 104  /  3.33 11 12.5 1.00 1.276 267 0.88 1.10 

5 481 7.81× 104  /  2.50 0 25.8 1.40 2.659 97 0 0.80 

6 481 5.62× 104  /  2.50 0 93.2 0.96 1.084 27 0 0.80 

7 341 7.12× 104  /  3.26 15.0 15.0 1.17 1.416 217 1.00 1.18 

8 343 7.81× 104  /  3.28 23.6 25.6 0.85 1.118 128 0.92 1.13 

9 414 9.66× 104  /  2.50 12.0 12.0 1.80 3.528 208 1.00 1.18 

10 331 3.12 × 107  /  3.42 6.00 7.78 1.81 3.528 440 0.77 0.98 

11 333 7.68× 104  /  3.31 20.0 22.9 1.50 2.520 145 0.87 1.08 

12 321 1.14× 106  /  3.36 16 20 1.13 1.532 118 0.80 1.03 

13 324 6.93 × 108  /  3.26 7.20 7.20 1.20 1.761 450 1.00 1.18 

14 319 1.09× 105  /  3.24 24.7 29.7 0.75 0.907 109 0.83 1.05 

15* 300 > 5× 105  1769  3.40 / / / / / / / 

16* 320 > 107  1869  3.26 / / / / / / / 

17* 330 > 107  1964  3.30 / / / / / / / 

18* 342 > 5× 105  1824  3.34 / / / / / / / 

19* 350 > 5× 105  1769  3.30 / / / / / / / 

20 318 > 109  1899  3.21 / / / / / / / 

21 324 > 2 × 108  1903  3.24 / / / / / / / 

22 329 > 109  1907  3.25 / / / / / / / 

23* / / 1891  3.94 / / / / / / /  
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Fig. 2. The fatigue properties of Vitreloy 1TM: (a) the S-N curve, both Ultrasonic fatigue tests (Nf > 107) and conventional fatigue tests (MTS) (Nf ≤ 107) are shown. 
(b) The stress–strain curve of samples survived a certain number of cyclic loading, from which we extract the residual strength of cyclically loaded samples. 
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not, and pre-crack or not), material state (relaxation free volume, re
sidual stress and oxygen content ppm) [26,28–31,39,40]. Schuh et al. 
reviewed and suggested that residual stresses and structural relaxation 
should be important intrinsic factors accounting for the FEL of BMGs 
[26,38]. We further identified here that fatigue crack emanating from 
microsized pores, which is intrinsic during the synthesize of BMG sam
ples, governs the FEL of BMGs. 

3.2. Fractography of fatigued samples 

Knowing the governing mechanisms associated with fatigue fracture 
is of significance for better life assessment and clues for materials design 
for better resistance to fatigue failure. Dauskardt et al. [41], based on 
free volume mechanism, explored crack-growth rate and defects evo
lution monitoring in metallic glass. We examine closely the fractography 
of fatigue failured samples, as shown in Fig. 3. It can be seen from Fig. 3a 
that a typical fracture surface can be divided into three zones: the 
initiation zone, the propagation zone and the fast fracture zone. Unlike 
early reports, we found it invariable that a fatigue crack initiates from a 
spherical pore with diameters on the order of 10 μm, as shown in Fig. 3b 
and f for two distinct samples. The pore size responsible for fatigue 
initiation in all fatigued samples are measured and summarized in 
Table 1. In the extending zone, typical striations can be seen (Fig. 3c, g), 
and which is widely accepted that striations spacings have a relationship 
with its local stress intensity factor. At the end of the extending zone is 
the boundary for the beginning of fast fracture zone, and the sample 
breaks apart abruptly, and the stress intensity factor characterized by 
this fracture line is related to the fatigue fracture toughness of the 
material. 

It is noted that early works [30] did mentioned the existence and 
potential impact of pore defects to fatigue. For convenience, many early 
works use standard compact tension (CT), three-point bending (3 PB) 

[42], four-point bending (4 PB), and notched samples with pre- 
fabricated defects [43] to study the fatigue properties of metallic 
glasses. Those artificial defects are usually larger in dimension than 
natural pores found here. Most likely, such prefabricated defects will 
interrupt and blur the natural fatigue crack initiation process that usu
ally happen in engineering service. For metallic glass, the form of this 
kind of spherical pores about tens of micrometer in size should be nat
ural and intrinsic. Such characteristics make it easy to build standard 
model for fatigue mechanisms in BMGs. 

3.3. Stress intensity factor for crack initiation 

Since a crack initiates from a spherical pore near the sample surface, 
it is of interest to evaluate the crack initiation intensity factor K0 around 
the pores and the influence of geometrical factors like the position and 
the size of the pore. In Fig. 4a, we illustrate a sample whose radius at the 
gauged section is R, and the radius of a spherical pore is r, the distance 
between the pore center and sample edge is difined as d. Depending on 
d/r, the relative postion of the pore in the sample may be categorized 
into three scenarios, as illistrated in Fig. 4a. We particularly mark two 
points, the arc apex point “A” and the opposite point “B” for late refer
ence, as illustrated in Fig. 4a for R≫r, and that is the case in our tests 
(Table 1). 

Liner elastic finite element simulations are employed to evalute the 
stress intensity factors accounting for crack initiation from pores [44]. 
Material parameters include the Young’s modulus and Poison’s ratio, 
which are E = 100GPa and ν = 0.35, respectively. Following the in
structions by the commercial software (Abaqus 6.14) [45], a convergent 
J-integral around the ‘pore-like’ crack can be obtained for a sufficiently 
large contour zone. For a special case while the pore locates at the center 
of the sample, as illustrated in Fig. 4b and the tension is applied along 
the Z-axis. The equator line of the pore (O-E-E’ as illustrated) is the 

Fig. 3. Fractographies of fatigued samples tested. (a)–(c), results from UTS samples, (a) Fatigue crack propagation in Vitreloy 1TM can be divided into three distinct 
zones: initiation zone, propagation zone and fast fracture zone; (b) A close-up to show the initiation zone from a spherical pore; (c) High resolution view in the 
propagation zone to show striations. (e)–(g), results from the MTS counter test, (e) the three distinct zones, (f) the cavity where crack initiates, (g) The striation left 
behind as fatigue crack propagate. 
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‘crack tip line’, hence Z-axis is the normal of the potential crack plane 
defined by the crack-tip line. The outer normal n→CE of the ‘crack tip line’ 
is the crack extension direction. The loop O-P-Q-O′-Q′-P′-O shown in 
Fig. 4b is a typical J-Integral path. By rotating the loop O-P-Q-O′-Q′-P′-O 
with respect to the polar axis of the pore – the line passing the pore 
center and in the Z-direction, we obtain the J-Integral path at any point 
along the ’crack tip line’ and obtain the corresponding J-integral. It is 
also noted that the ‘crack front’ zone are meshed using three- 
dimensional brick elements (C3D8R) in Abaqus. We validated the con
venience of the J-Integral and adopted a mesh size to ensure the relative 
fluctuation of the J-integrals is below 1%. The special J-integral path (O- 
P-Q-O′-Q′-P′-O as illustrated in Fig. 4c) is for our calculation using a 
sample with d/r = 0.8. It can be seen that high von Mises stress locates 
inside the selected ‘crack front’ zone. The J-Integrals are then used to 
calculate the stress initiation intensity factor K0 by employing the 

relationship of K0 =

̅̅̅̅̅̅̅̅
JE

1− ν2

√

, and K0 is then normalized by σ∞
̅̅̅̅̅
πr

√
for σ∞ 

being the norminal stress (the applied loading divided by the residual 
cross-section area). 

We show in Fig. 5a the stress intensity factor (SIF) K0 as a function of 
position along the crack-tip line from ‘A’ to ‘B’ for several locations of 
the pore, d/r = − 0.50,0.00,0.50,⋯,50, where r = 20μm and R/r = 80. 
The stress intensity factor (SIF) K0 maximizes in the near surface, where 
fatigue crack is prone to initiate. The maximum K0 near surface is about 

1.4 times greater than that of deep pores, in accordance with our 
experimental observations that crack primarily initiate from the sub- 
surface of all samples. We note that there had been lots of researches 
regarding the influence of pores or inclusions on fatigue in polystalline 
materials, see Murakami et al.[6,13–17,22,46]. Murakami proposed an 
empirical formula KImax ≅ 0.629σ∞

̅̅̅̅̅̅̅̅̅̅
π

̅̅̅̅
A

√√
from experimental [6] to 

estimate the stress intensity factor when deeply embedded defects pre
sent, where A is the projection area of a defect under consideration. For 
spherical pores with diameter r, A = πr2. Plugging it into the Murakami 
formula, we yield KImax ≅ 0.834σ∞

̅̅̅̅̅
πr

√
. The coefficient of 0.834 agrees 

well with our FEM result of 0.80 (see Fig. 5a for the curves with d/r = 5,
10,50). There are views suggested that in the vicinity of a corner point 
apparent stress intensity factors are a function of the finite element mesh 
and depend on the calculating method [47]. As there is no suitable 
definition for stress intensity factor at the corner point, and also there is 
no suitable element size for the point, we neglect calculations for the 
corner point. The results in Fig. 5a show the change of stress intensity 
factor approaching the corner point, which is stable when ultra-fine 
mesh in the proximity of the corner is adopted. 

We further analyzed all fatigue fractured samples and recorded their 
pore size and stress amplitude. In contrast with samples with ‘infinite 
life’, we may define a fatigue threshold for BMGs in resemble of that in 
conventional crystalline materials. We use the maximum SIF K0 of all 
fatigued samples as the threshold. It is noted that as the pore brings in an 

Fig. 4. Illustration to show the relative po
sition of the pore and the J-integral path for 
stress intensity factor calculations in the FEM 
model. (a) cross-section where the equatorial 
cycle of the pore resides, radius R of the cross 
section, pore position d and pore radius r, 
and three typical positons of pores with 
d/r < 1, d/r = 1 and d/r > 1. Along the 
equatorial line of the pore in the crack plane, 
we mark the inner most arc apex point as ‘A’, 
and the out most arc boundary point as ‘B’ 
for later reference; (b) Illustration to show an 
J-integral path O-P-Q-O′-Q′-P′-O for an 
embedded pore-like crack. (c) the von Mises 
stress contour around the ‘crack front’ zone 
using a sample with d/r = 0.8, R/r = 80 and 
σ∞ = 1000MPa.   

Fig. 5. Stress intensity factor K0. (a) Normalized stress intensity factor K̂0 (K̂0 = K0/
(
σ∞

̅̅̅̅̅
πr

√ )
) along the crack front from position “A” (0) to position “B” (1) before 

crack initiation; K̂0 along the crack-tip line for different pore positions are shown here. (b) The threshold stress intensity factor Kth
0 for fatigue crack initiation 

obtained from USF and MTS fatigued samples. An average value of Kth
0 = 2.0 ± 0.5 MPa

̅̅̅̅
m

√
is obtained. 
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intrinsic length scale, mathematically K0 is a function of pore radius, its 
position along the equatorial line (crack front), and the relative position 
of the pore d/r. The procedure is as follows: (1) we measured the pore 
size r and its postion d with respect to the sample edge from the frac
trography of fatigued sample. (2) Using our FEM analysis on the SIF, for 
a pore radius r with knowing d/r, we calculate the maximum K0 at ‘B’. 
(3) The calculated K0 is then the fatigue threshold of the particular pore 
size and location, and is defined as Kth

0 . In Fig. 5b, we plot Kth
0 from our 

tests on Vitreloy 1TM metallic glass for twelve fatigued samples. The data 
seems to be scattering but that is typical for the value of fatigue 
thresholds. Nonetheless, we are able to obtain a value of Kth

0 = 2.0 ±

0.5MPa
̅̅̅̅
m

√
from experiments. In previous reports, researchers had 

estimated the threshold on the order of 1MPa
̅̅̅̅
m

√
[38] and our approach 

supplies a direction experimental strategy to measure it with excellent 
fidelity. 

3.4. Ellipse crack front 

The crack front shape and its evolution for a axle or rod under fatigue 
loading had been an active topics during the end decades of the last 
century. Many works conducted FEM simulation basing on fatigue crack 
propagation Paris’ law to predict the shape of the crack front shape, 
including FEM simulations [48–50] and XFEM simulations [51], two 
parameter and three parameter controlled ellipse arc models [52–54], 
stress intensity factor solutions [55], J-Integral [44], propagation laws 
[56]. The comprehensive review is given by Brighenti and Carpinteri 
[57]. To date, experimental and related calibrations researches on crack 
front in cylindrical samples are limited. We experimentally demonstrate, 
using Vitreloy 1TM, so far one of the most isotropic material fit to existing 
linear isotropic elasticity theories, that the fatigue crack fronts resemble 
an ellipse arc till final rapid rupture. 

In Fig. 6 we show the fatigue crack propagation and fracture front of 
three USF samples and three MTS samples. It is clearly shown that the 
fatigue crack front resembles an ellipse arc, and the loci of the ellipse 
crack front is at the pore center where fatigue fractgure initiates. We 
measure all ellipse crack front, their half short axis a and half long axis b. 
We show in Fig. 7a the crack propagation and the crack front profile 

from our experiments (solid blue lines). The half short axis a and half 
long axis b follows a strong correlation which is best fitted using b =

0.61a2 + 1.11a, as demonstrated in Fig. 7b. Such experimental results 
can be meaningful guidance for further fracture mechanics analysis for 
isotropic solids. We further note that crack fronts tend to intersect the 
free surface at a critical angle, which will give rise to corner point sin
gularity. We did not consider this special scenario in our calculations to 
avoid the apparent difficulty in calculations and also arisen ambiguity in 
defining a representative volume at the particular point. 

3.5. Fatigue fracture toughness 

During the last state of fatigue crack, the sample fractures quickly 
with very limit number of cycles. In most cases, it is regarded as brittle 
fracture. Based on the crack-front profile discovered present we may be 
able to calculate the corresponding fracture toughness of Vitreloy 1TM. 
The mode I stress intensity factor KI along the fracture front for both the 
USF and MTS samples are calculated using Abaqus J-integral method 
[44,45], and then the standard relationship of KI =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
JE/(1 − ν2)

√
[58], 

where J is the caculated J-intergral [59]. As we demonstrate in Fig. 5, 
the stress intensity factor may vary along the elliptic arc − the crack 
front. We show in Fig. 8a the finite element analyses on KI for five typical 
crack depths a wiith a/2R ratio of 0.09, 0.12, 0.18, 0.25, and 0.34, and 
the elliptic long axis b is caculated using fitted equation b = 0.61a2 +

1.11a, as shown in Fig. 7b. the calculated mode I stress intensity factor 
are further normalized by σ∞

̅̅̅̅̅̅
πa

√
for σ∞ being also the nominal stress. It 

is noted that there is a slight variation of KI along the crack front curve 
and we take the average of KI along the arc for the consideration that the 
crack front seems to propagate concurrently although at different crack- 
growth rate along the front. The KIC and their deviation for the pesent 
USF and MTS test samples are shown in Fig. 8b, and an overall average 
of KIC = 19.7 ± 4.6MPa

̅̅̅̅
m

√
is obtained. 

It is noted that current reports on the fracture toughness are quite 
scattering. Gilbert et al. [28] conducted fracture toughness tests ac
cording to ASTM standard E399 on 7mm thick compact tension (CT) 
samples of Vitreloy 1TM metallic glass, and they obtained a remarkable 

Fig. 6. Ellipse fracture crack front layouts for three typical USF (a, b and c) and three typical MTS (d–f) fatigue test samples, as marked, the typical propagation front 
and typical fracture front are all part ellipse arcs, and the ellipse center are all located in the near surface pore positions. 
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high fracture toughness of 55 65MPa
̅̅̅̅
m

√
. However, after partial or full 

crystallization the fracture toughness KIC values drops to 
1.0 1.2MPa

̅̅̅̅
m

√
. Gilbert et al. [29] conducted similar test on 4 mm thick 

compact tension (CT) samples and obained a fracture toughness of 
30MPa

̅̅̅̅
m

√
for Vitreloy 1TM. Lowhaphandu et al. [60] conducted ASTM 

E399 standard fracture toughness tests on 4 mm thick samples and found 
that, six fatigue pre-cracked samples yielded a fracture toughness of 
KIC = 18.4 ± 1.4MPa

̅̅̅̅
m

√
. Gludovatz et al [61] conducted fracture 

toughness test on compact-tension and single-edge notched-bend spec
imens of Zr52.5Cu17.9Ni14.6Al10Ti5 (Vitreloy 105TM, similar with Vitreloy 
1TM) metallic glass with different size, and they concluded that unlike 
polycrystallines, the KIC value of BMGs have strong dependent with the 
test sample size. Sun and Wang [62] in 2015 had reviewed different 
reports of fracture toughness which could be resulted from specimen 
geometry effects, compositional and internal-state, fatigue pre-cracking 
procedures, or a combination of these factors. The present results basing 
on typical cylinder geometry and similar to the pre-crack samples, agree 
well with the results from Lowhaphandu et al. [60] and it is also for 
ideally (atomic) sharp crack propagation, which is essential for real 
fracture toughness measurement as one tries to fulfil the requirements of 
ASME standard fracture tests. 

4. Summary and conclusions 

Fatigue endurance limit is a threshold stress amplitude under which 

a solid subjected to cyclic loading can sustain infinite life. Such a limit 
has been confirmed in ferrous materials but remains controversial in 
many advanced new materials, including bulk metallic glasses with 
superb strength. By using a combination of ultrasonic fatigue (USF) tests 
at 20 kHz and conventional fatigue (MTS) tests at 30 Hz for the Vitreloy 
1TM metallic glass (fatigue ratio R = − 1), we obtain several interesting 
observations regarding fatigue fracture in Vitreloy 1TM. We show from 
the S-N data at two frequencies from high cycle fatigue to ultra-high 
cycle fatigue tests that a fatigue endurance limit, which is about 320 
MPa, and is only ~17% of its strength of 1900 MPa. The low fatigue 
endurance limit is a resultant of inevitable and intrinsic pores in this 
materials. We experimentally demonstrate, using Vitreloy 1TM, fatigue 
threshold of this BMG is Kth

0 = 2.0 ± 0.5MPa
̅̅̅̅
m

√
, and its mode I fatigue 

fracture toughness is KIC = 18–20 MPa
̅̅̅̅
m

√
for atomically sharp crack, 

which agree well with the pre-cracked fracture toughness test results. 
From our experimental observation, we see that the fatigue crack 

front resembles an ellipse arc. The loci of the ellipse crack front is at the 
pore center where fatigue fracture initiates, and their half short axis a 
and half long axis b follows a strong correlation captured by b =

0.61a2 + 1.11a. Given metallic glass can be regarded as one of the most 
isotropic material at the continuum level, such observations is best 
suited for isotropic elasticity theories, which can be employed for 
further fracture mechanics analysis. 

As previous explorations on fatigue endurance limit often followed 
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Fig. 7. Crack front profile of fatigue fracture in Vitreloy 1TM. (a) Crack front profile from our experiments (solid blue lines) and quadratic fitting (dashed red lines). 
(b) The short and long axis correlation of elliptical crack plane during fatigue crack propagation. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 8. Stress intensity factor and fracture 
toughness from fatigue fractured samples. (a) 
Mode I stress intensity factor KI along a pore with 
different a/2R ratio, 0.09, 0.12, 0.18, 0.25, and 
0.34; the long axis b is calculated using b =

0.61a2 + 1.11a. Normalized positions as − 1, 0, 
and 1 correspond to the left, the apex and the 
right of the crack front arc. (b) The fracture 
toughness KIC obtained from the ellipse arc of a 
fracture front, and we also show its standard de
viation statistics from USF and MTS test 
specimens.   
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the traditional ‘infinite life’ assumption at loading cycles up to Nf0 =

107, it is not an unabigious proof the real existence of such an FEL. The 
combination of conventional fatigue tests using MTS machines and ul
trasonic fatigue (USF) facility helped realizing the fatigue cycles ranging 
from 104 to 109. More importantly, we see clearly from both ‘infinite 
life’ cycles 107 and 109 that there is an FEL at the same stress level. Such 
an experimental endeavor makes the fatigue performance evaluation of 
BMGs engineering practical. 
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Dassault Systèmes Simulia Corp., Providence, RI, USA. 

[46] Murakami Y. Metal fatigue: effects of small defects and nonmetallic inclusions. 
Second Ed. Academic Press & Elsevier; 2019. 

[47] Pook LP. A 50-year retrospective review of three-dimensional effects at cracks and 
sharp notches. Fatigue Fract Eng Mater Struct 2013;36(8):699–723. 

[48] Gilchrist MD, Smith RA. Finite-element modeling of fatigue crack shapes. Fatigue 
Fract Eng Mater Struct 1991;14(6):617–26. 

[49] Lin XB, Smith RA. Shape growth simulation of surface cracks in tension fatigued 
round bars. Int J Fatigue 1997;19(6):461–9. 

[50] Lin XB, Smith RA. Shape evolution of surface cracks in fatigued round bars with a 
semicircular circumferential notch. Int J Fatigue 1999;21(9):965–73. 

[51] Bergara A, Dorado JI, Martin-Meizoso A, Martinez-Esnaola JM. Fatigue crack 
propagation in complex stress fields: Experiments and numerical simulations using 
the Extended Finite Element Method XFEM. Int J Fatigue 2017;103:112–21. 

[52] Carpinteri A. Shape change of surface cracks in round bars under cyclic axial 
loading. Int J Fatigue 1993;15(1):21–6. 

[53] Carpinteri A, Brighenti R. Part-through cracks in round bars under cyclic combined 
axial and bending loading. Int J Fatigue 1996;18(1):33–9. 

[54] Couroneau N, Royer J. Simplified model for the fatigue growth analysis of surface 
cracks in round bars under mode I. Int J Fatigue 1998;20(10):711–8. 

[55] Shin CS, Cai CQ. Experimental and finite element analyses on stress intensity 
factors of an elliptical surface crack in a circular shaft under tension and bending. 
Int J Fract 2004;129(3):239–64. 

[56] Pugno N, Ciavarella M, Cornetti P, Carpinteri A. A generalized Paris’ law for 
fatigue crack growth. J Mech Phys Solids 2006;54(7):1333–49. 

[57] Brighenti R, Carpinteri A. Surface cracks in fatigued structural components: a 
review. Fatigue Fract Eng Mater Struct 2013;36(12):1209–22. 

[58] Zhu XK, Joyce JA. Review of fracture toughness (G, K, J, CTOD, CTOA) testing and 
standardization. Eng Fract Mech 2012;85:1–46. 

[59] Rice JR. A path independent integral and approximate analysis of strain 
concentration by notches and cracks. J Appl Mech 1968;35(2):379–86. 

X. Lei et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0142-1123(20)30536-3/h0010
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0010
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0015
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0015
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0020
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0020
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0025
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0025
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0030
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0030
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0035
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0035
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0035
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0040
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0040
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0040
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0045
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0045
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0050
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0050
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0055
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0055
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0055
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0060
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0060
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0060
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0065
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0065
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0070
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0070
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0075
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0075
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0075
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0080
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0080
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0080
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0085
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0085
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0085
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0090
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0090
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0095
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0095
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0100
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0100
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0105
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0110
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0110
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0115
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0120
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0120
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0125
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0125
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0130
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0130
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0135
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0135
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0140
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0140
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0140
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0145
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0145
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0145
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0150
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0150
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0155
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0155
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0155
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0160
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0160
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0165
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0165
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0170
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0170
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0170
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0175
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0175
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0175
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0180
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0180
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0185
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0185
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0190
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0190
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0195
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0195
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0200
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0200
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0200
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0205
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0205
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0210
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0210
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0215
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0215
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0220
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0220
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0220
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0230
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0230
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0235
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0235
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0240
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0240
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0245
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0245
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0250
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0250
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0255
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0255
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0255
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0260
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0260
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0265
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0265
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0270
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0270
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0275
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0275
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0275
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0280
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0280
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0285
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0285
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0295
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0295
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0300
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0300


International Journal of Fatigue 143 (2021) 106004

9

[60] Lowhaphandu P, Lewandowski JJ. Fracture toughness and notched toughness of 
bulk amorphous alloy: Zr-Ti-Ni-Cu-Be. Scr Mater 1998;38(12):1811–7. 

[61] Gludovatz B, Naleway SE, Ritchie RO, Kruzic JJ. Size-dependent fracture toughness 
of bulk metallic glasses. Acta Mater 2014;70:198–207. 

[62] Sun BA, Wang WH. The fracture of bulk metallic glasses. Prog Mater Sci 2015;74: 
211–307. 

X. Lei et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0142-1123(20)30536-3/h0305
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0305
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0310
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0310
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0315
http://refhub.elsevier.com/S0142-1123(20)30536-3/h0315

	Fatigue endurance limit and crack front evolution in metallic glass
	1 Introduction
	2 Experiments
	3 Results and discussion
	3.1 The S-N curve of vitreloy 1TM
	3.2 Fractography of fatigued samples
	3.3 Stress intensity factor for crack initiation
	3.4 Ellipse crack front
	3.5 Fatigue fracture toughness

	4 Summary and conclusions
	Declaration of Competing Interest
	Acknowledgements
	References


