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In the present work, we investigate the effect of ‘‘fatigue’’ on the fatigue behavior and atomic structure of
Zr-based BMGs. Fatigue experiments on the failed-by-fatigue samples indicate that the remnants generally
have similar or longer fatigue life than the as-cast samples. Meanwhile, the pair-distribution-function (PDF)
analysis of the as-cast and post-fatigue samples showed very small changes of local atomic structures. These
observations suggest that the fatigue life of the 6-mm in-diameter Zr-based BMG is dominated by the
number of pre-existing crack-initiation sites in the sample. Once the crack initiates in the specimen, the
fatigue-induced damage is accumulated locally on these initiated sites, while the rest of the region deforms
elastically. The results suggest that the fatigue failure of BMGs under compression-compression fatigue
experiments is a defect-controlled process. The present work indicates the significance of the improved
fatigue resistance with decreasing the sample size.

B
ulk metallic glasses1–3 (BMGs) will undergo mechanical fatigue even when the applied cyclic stress is far
below their yielding stresses, sys. The stress-strain curve indicates that the deformation of the specimen at
such stress levels should be elastic, i.e., the material returns to its original state after the applied load is

removed. Several researchers4–14 have shown that the fatigue behavior of the Zr-based BMGs shares many
similarities with crystalline materials. For example, the stress versus the number of fatigue-life-cycles (S-N) curve
of a BMG resembles its crystalline counterpart, where the fatigue life is inversely proportional to the applied stress
and possesses a threshold, defined as the fatigue-endurance limit (typically refers to the stress or stress range at 107

cycles). In the present article, we use the stress range, Ds 5 jsmax. 2 smin.j, to calculate the fatigue-endurance
limit for our own results and other researchers’ data, where smin. and smax. are applied minimum and maximum
stresses, respectively. When the cyclic stress imposed on the sample is lower than the fatigue-endurance limit, the
sample will not fail within 107 cycles.

The crack-propagation behavior in BMGs is similar to ductile crystalline alloys5,15. The crack-growth rate
depends on the applied stress range, and striations can be observed on the fracture surface4. The fatigue-failure
process of BMGs can be categorized into three stages, crack initiation, stable crack propagation, and fast fracture,
as observed in crystalline alloys. The fatigue-endurance limits of the Zr-based BMGs vary significantly, ranging
from 0.05 , 0.5 sys, depending on the test geometry (experiments under tension-tension, compression-com-
pression, or bending), test materials, environments… etc. Gilbert et al.4,15 first reported the fatigue behavior of the
Zr-based BMG (Vitreloy-1). They conducted four-point-bending tests on beam specimens and found that the
fatigue-endurance limit was ,8% of the ultimate tensile strength (sUTS). Menzel et al.13 later reported similar
results using the same material. These early studies seem to suggest that fatigue-endurance limits of BMGs are
low, compared to crystalline alloys, but other studies show that fatigue-endurance limits of BMGs can be
comparable to crystalline alloys. For example, Yokoyama et al.16 conducted rotating-beam fatigue tests to examine
the Wohler curve of the Zr-based BMGs. The fatigue-endurance limit of the specimen in their experiments was
,57% of the ultimate tensile strength. Nakai et al.17 studied the fatigue-crack initiation and small crack-pro-
pagation behavior of Zr-based BMGs under tensile stresses. They reported a fatigue-endurance limit of 52% of the
ultimate tensile stress. Subsequent compression-compression fatigue studies of the same material showed a
slightly-lower fatigue-endurance limit of ,44% of the ultimate tensile stress18. These studies show that the
fatigue-endurance limits of Zr-based BMGs could vary from 8% , 57% of tensile stresses. To explore the reasons
behind the large variation in fatigue-endurance limits of BMGs, Launey et al.19 examined the bending-fatigue
behavior of Zr-based BMGs from two different manufacturers. They found that fatigue-endurance limits are
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strongly affected by the free volume in the material. The differences
in fatigue-endurance limits can be as large as 22% of sUTS (40% sUTS

for the BMG system with less free volumes and 18% sUTS for the
system with more free-volumes19). Wang et al.5,6,12 and Peter et al.10,11

performed tension-tension fatigue tests on notched Zr-based BMG
samples. These tests showed that the fatigue-endurance limit is 30 ,
50% of the ultimate tensile strength20. Wang et al.21,22 suggested that
several factors could affect fatigue-endurance limits, such as com-
position, mean stress, quality of the specimen, specimen geometry,
testing environment, cyclic frequency, surface condition, etc.

Despite that fatigue behavior of Zr-based BMGs shares many
similarities with crystalline alloys4–13, the mechanisms responsible
for the fatigue-induced damage in BMGs are not clear. In the present
work, we investigate the effect of the past ‘‘fatigue’’ on the fatigue
behavior and atomic structure of Zr-based BMGs, aiming to provide
better mechanistic understanding of fatigue characteristics of BMGs.
The complete compression-compression fatigue study was con-
ducted on the as-cast, and pre-fatigued, 6-mm in-diameter, Zr-based
BMGs. The results for the as-cast samples showed a fatigue-endur-
ance limit of 27% sUTS, while the pre-fatigue-to-failure samples
exhibited similar or more cycles-to-failure. The local atomic-struc-
ture characterization using the high-energy synchrotron X-ray pair-
distribution-function (PDF) analysis showed very small changes of
local atomic structures. Statistical analyses of the fatigue data imply a
possible size effect23–26, which affects the fatigue life, i.e., the smaller
the sample size, the higher the chance the sample will last longer
under cyclic-compression loading. These results suggest that the
fatigue life of the 6-mm in-diameter Zr-based BMGs is dominated
by the number of pre-existing crack-initiation sites in the sample,
and once the crack initiates, the fatigue-induced damage accumulates
locally on these initiated sites, while the rest of the region deforms
elastically.

Results
The BMGs used in the current study are cylindrical rods with the
composition of (Zr55Cu30Ni5Al10)98Er2 in atomic percent (at.%), a
diameter (D) of 6 mm, and a length (L) of 25 mm. Samples were
fatigued under a compression-compression mode. The details of the
experiment can be found in the ‘‘Methods’’ section. The test was
ended when the sample was fractured. Then the sample was collected
for visual inspections. The undamaged part after cutting out the
fracture surface was preserved for the 2nd-round fatigue experiment
using the same testing conditions. The sample for the 2nd-run fatigue
has smaller L/D ratios since the length is shorter. The same procedure
was repeated until the L/D ratio of the leftover was less than 0.8. The
fatigue tests of each run were recorded for analyses.

The schematic diagram of the above experimental plan is shown in
Figure 1. Note that cutting of the damaged parts was purely deter-
mined by visual inspection. It is possible that there are hidden cracks
inside the sample. These pre-existing cracks will certainly have a
strong impact on the fatigue life during the 2nd test. Two out of six
samples failed within few cycles of the second tests. These samples
were excluded from our analysis, since they most likely had pre-
existing cracks from the first test.

The structures of the as-cast and fatigued specimens were char-
acterized by a high-energy X-ray diffraction (HEXRD) technique
[Sup-1(a)]. The cylindrical samples with a diameter of 6 mm were
cut into a 1-mm-thick plate with the plane normal to the loading
direction, as shown in Sup-1(b), and were examined using 100 keV
(with a wavelength, lavg 5 0.12398 Å) radiation in a transmission
geometry. The intensity of the scattered X-rays was collected by a
MAR345 image plate. The experimental geometry is illustrated in
Sup-1. The data were processed and converted into tables of the
scattering intensity versus scattering angle, h, employing the
FIT2D software27.

To further examine the effect of cyclic loading on the short-range
atomic structure, the PDF analysis was performed. The measured
scattering intensity, I(Q) (Q~4p sin h=l, where h is the diffraction
angle, and l is the wavelength), was integrated over the azimuthal
direction, and corrected for the polarization effect, fluorescence
background, absorption, inelastic scattering, and the scattering from
the air and container using the methods described in Ref. 2828 to
obtain the structure function, S(Q). The corresponding PDF, G(r),

G rð Þ~ 2
p

ð?
0

S Qð Þ{1½ � sin Qrð ÞQdQ ð1Þ

was obtained by the Fourier transformation of S(Q), where S(Q) is
the structure factor, and r is the atomic-pair distance.

The failed specimen was sliced vertically along the loading axis, as
shown in Sup-1(c), and the structure characterization was performed
along the loading direction. This geometry allows us to characterize
the anisotropy term of the specimen under cyclic compression. In
addition, the microstructures of the regions near and away from the
fracture plane can be compared.

Figure 2(a) shows the S-N curve of the as-cast (Zr55Cu30

Ni5Al10)98Er2 alloy, and the results of the series of fatigue tests from
the current study. The open circle is the fatigue life of the studied
material with a fixed L/D ratio of 1.67, and a testing frequency of
10 Hz at various stress ranges (typical fatigue tests). The colored
symbols are the data from this study (a larger L/D ratio). The red
color denotes the first-cycle tests (as-cast samples), and the blue color
represents the proceeding tests using the leftover from the first
fatigue test. The number of cycles-to-failure of each test was counted
individually; the fatigue life of 2nd-run or 3rd-run tests excluded the
prior fatigue history. The first-cycle tests of the specimens show
comparable fatigue life with one sample on the left side of the S-N
curve and two samples on the right side of the S-N curve[red symbols
in Figures 2(a) and (b) and Table I]. For the second-cycle tests (blue
symbols), it is seen that the fatigue life is comparable or longer when
compared with the 1st-cycle test (the as-cast condition). To clearly
show these results, we plot the fatigue data, separately, in Figure 2(b),
and the detailed data are summarized in Table I.

Many factors, such as the frequency of the test and the geometry of
the specimen, will affect the fatigue behavior of BMGs21. Since the
same sample is used for several runs of the tests, the sample will
inevitably become progressively smaller. The changes of L/D ratios
might affect the fatigue life of a specimen. We plot the fatigue life of
each test as a function of L/D ratio in Figure 2(c). The results do not
show strong correlation between the L/D ratio and the fatigue life
within the L/D range from approximately 0.8 to 4. Therefore, the
dominant factor that affects the fatigue life of a specimen in this
experiment could be related to cyclic loading.

To further identify the failure mechanism of the fatigue tests, we
examine the fracture surface by scanning-electron-microscopy
(SEM). The images are shown in the supplement material. Sup-2
presents the surface morphology of the fracture specimen. A

Figure 1 | A schematic diagram of the experimental design. The as-cast

sample undergoes compression-compression fatigue until it fails. Then,

the damaged part is cut off, and the leftover is used for the next fatigue test

as long as the rest part has an L/D ratio greater than 0.8.

www.nature.com/scientificreports
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characteristic vein-like pattern, as shown in Sup-2(a) and the left side
of Sup-2(c), is observed on the fracture surfaces. This pattern is
commonly found on the fracture surface of BMGs under tension
or compression tests12,15. These features are believed to be formed
during the final stage (fast fracture) of the fatigue fracture, when the
stress on the remaining load-carrying cross-section of the sample
reaches the load limit of the material, and the spread of fracture
becomes catastrophic. Then the material on the shearing plane
becomes melted due to the heat generated during the fracture process
at the fast fracture stage. Striations, as shown in Sups-2(b) and (c),
could be found only on a small portion of the fracture surface. Sup-
2(b) is the enlarged view of the rectangle in Sup-2(c). A molten
droplet covers a part of the striation. The striation spacing is
,190 nm. It is unusual to observe striations during the fatigue failure
of BMGs under cyclic compression-compression loadings. These
trends are commonly seen on the fatigue tests under bending con-
ditions. The striations have not been reported before for Zr-based
BMGs under cyclic compression-compression fatigue (although pre-
vious studies usually used samples with smaller diameters (, 3 mm).
We could not locate the crack-initiation sites on the fracture surface,
since they were destroyed by surface melting due to severe shearing at
the final stage of the fatigue failure.

The as-cast and two fatigued samples were examined by synchro-
tron high-energy X-ray diffraction. The spectra of three samples
show identical features without the sign of the presence of crystalline
phases (Sup-3). The present result indicates that the specimens
before and after fatigue tests are in an amorphous state, without
any major structure changes (phase transformations). We obtained
the PDF shown in Figure 3(a) by the Fourier transformation of the
structure function, S(Q), to study the local atomic structure of the
amorphous samples. We compare the G(r) of an as-cast sample to
that of a fatigued sample. The differences between as-cast and
fatigued samples are very small [We only show G(r) of sample B in
Figure 3(a) for comparison]. The results suggest that there is no
significant changes on the atomic structure of the BMG in the med-
ium-range (. 10 Å) region, but only small differences in the short-
range (, 5 Å) region. Since the changes in the short-range region are
rather small (less than , 0.6%), we used a standard statistical tool,
the two-way analysis of variance, to test whether this difference is
significant. We tested the difference in G(r) between as-cast and fati-
gued specimens, DG(r) 5 G(r)fatigued 2 G(r)as-cast, [in Figure 3(a)] and
the first derivative of DG(r) of the same sample measured at different
places [the same sample measured at 1-ID and 11-ID beamlines of
the Advanced Photon Source (APS), Argonne National Laboratory,
using the same experimental setup]. The statistical analysis showed
that the differences are not significant.

Table I | The table of fatigue data in Figure 2

1st 2nd

cycle to failure L/D cycle to failure L/D

A 1,535,442 4.17 1,269,216 0.82
3,003,711 1.58

B 304,354 4.15 2,100,754 1.83
4,639,253 1.4

C 1,315,717 4.15 1,703,792 2.92

Figure 2 | (a) The stress-range versus number of cycles to failure (S-N

curve) data of (Zr55Cu30Ni5 Al10)98Er2 BMGs. The open circle is the fatigue

life of the same material with a fixed L/D ratio (L/D 5 1.67), and a

frequency of 10 Hz at various stress ranges. The colored symbols are the

data from this study. (b) The fatigue life of samples, A, B, and C. The 1st-run

(in the as-cast condition) data is shown in red, and the 2nd run data is

presented in blue. The number of cycles-to-failure of the 2nd-run test starts

from zero, and does not include the cycles made in the 1st-run test. The

fatigue life of the ‘‘pre-fatigued’’ sample (leftover) is equal or longer,

compared to the as-cast sample. The results suggest that the fatigue damage

in the specimen is mainly localized, and cyclic loading has no globalized

effect on the sample. When the fractured part is removed, the rest of the

material acts just like an as-cast material. (c) The number of cycles to

failure as a function of the L/D ratio of the specimen. The results showed no

correlation between the L/D ratio and the fatigue life.

www.nature.com/scientificreports
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We compared I(Q) between the center region and the near-frac-
ture-surface section of the sample, as illustrated in Sup-1(c). No
significant differences can be observed in both I(Q) and G(r). With
the measurement geometry used in Sup-1(c), we could compare the
diffraction anisotropy of the samples after fatigue tests. To reveal the
diffraction anisotropy, we subtract the I(Q) in the horizontal dir-
ection (the transverse direction) from the I(Q) in the vertical dir-
ection (the loading direction). The result in Figure 3(b) showed that
the diffraction anisotropy can only be observed near the fracture-
surface region, and the magnitude is small (, 0.6%); while in the bulk
region, the structure of the sample is still isotropic. The anisotropic
behavior is likely caused by severe shearing in the fast-fracture stage,
the last stage of the fatigue failure of the BMG, not the cyclic loading
itself 29.

The schematic diagram of the fatigue experiment is shown in
Figure 1. The experiment is a series of constant-load compression-
compression fatigue tests. For the first run, denoted as the 1st run, an
as-cast BMG specimen is used. The repeated loading/unloading
fatigue process continues until the specimen fails. Then, the bro-
ken/damaged region is removed, as illustrated in the figure, and
the leftover is used for the 2nd-run test. The experimental condition

of the 2nd-run test is identical to the 1st-run test, except that the
sample is shorter, since the fractured region was removed. The series
of tests was continued until the L/D ratio of the leftover was less than
0.8. Jiang et al.30 studied the effect of sample geometry on the
deformation behavior of Zr-based BMGs under compression experi-
ments. They confirmed that as long as the L/D ratio is larger than
0.75, it will not affect the fracture mode and mechanism of BMGs
under compression. Therefore, we only used samples with L/D larger
than 0.8 for continuing the fatigue experiments.

Comparing the fatigue life of each run helps clarify mechanisms of
fatigue damage of BMGs. If the fatigue life of the 2nd-run test is longer
than the 1st-run test, then the fatigue test produces only localized
damage to the specimen. Once the crack is initiated, the damage is
mainly accumulated around the existing crack, while the remaining
part of the sample still undergoes elastic deformation. After the
damaged region is removed, the rest of the sample is just like the
as-cast sample but with fewer defects, since the weakest point of
defects in the specimen has been screened out by the 1st-run fatigue
test. Hence, the next fatigue test will show longer fatigue life than the
first one. On the other hand, if the 1st-run test had the longer fatigue
life than the 2nd-run test, cyclic loading produces globalized damage
to the specimen. The crack will initiate more easily on the fatigued
specimen. Therefore, the fatigue life will be shorter. In the present
study, we found that the 2nd-run test has similar or longer fatigue life
than the 1st-run test. Thus, the fatigue life of a large diameter spe-
cimen under a compressive stress could be controlled by the number
of pre-existing crack-initiation sites (defects) in the specimen.

Similar to the samples with smaller diameters, fracture of larger-
diameter samples under cyclic compression mostly occurred in a
pure shear mode. The major fracture plane formed an angle of
,42u with respect to the loading axis31,32. However, unlike the smal-
ler samples in which the major shear plane passes through the whole
specimen and separates the specimen into two pieces with a relatively
flat shear plane, these larger samples usually broke into multiple
pieces, with a convex-shaped major shear plane. The fracture mor-
phology of the fatigued cylindrical specimen with different diameters
are showed in Sup-4. This phenomenon could be explained as follow.
During the fatigue test, there are many possible shear planes for
cracks to form. Some of the possible shear planes do not cut through
the whole specimen, but start from the end of the specimen, as illu-
strated in Figure 4(a). When a shear plane formed from the side
surface to the end of the specimen, a small piece of the sample will
be removed, as shown in Figure 4(b). Because the sample is large, the
stress on the load-carrying cross-section of the sample is still less than
the strength of the material. As a result, the fatigue test is carried out
on an irregularly-shaped specimen with higher-stress levels. The odd
shape of the sample creates a fairly complex stress state within the

Figure 4 | Possible failure mode of the large-diameter BMG under cyclic-
compression stresses. (a) Some of the possible shear planes do not cut

through the whole specimen, but start from the end of the specimen. (b)

When a small piece of the sample was separated from the major part, the

stress on the load-carrying cross-section of the sample is still less than the

strength of the material. The situation became as if we were running a

fatigue test using an irregularly-shaped specimen with higher stress levels.

(c) A failed 6-mm-in-diameter specimen in the present study.

Figure 3 | (a) Reduced pair-distribution functions of the as-cast and

fatigued samples. No significant changes between the as-cast and fatigued

samples were found, but we do observe small differences in the short-

range-order part (within 8 Å). (b) A very small but notable diffraction

anisotropy, found in the fracture-surface region. It might result from

severe plastic deformation inside the shearing plane at the final stage of the

failure (fast cracking).

www.nature.com/scientificreports
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specimen, and further diversifies the final failure mode of the sample
as shown in Figure 4(c). This peculiar mode creates difficulty to
identify the failure mechanism of large BMGs specimens under com-
pression-compression fatigue tests, since crack-initiation sites and
crack-propagation regions [as shown in Sup-2(c)] are destroyed by
severe shearing during the final stage of the failure.

In Figure 2(c), we have shown that the fatigue life does not strongly
correlate with the L/D ratio of the specimen. However, the sample
volume also changed between the fatigue tests and become progres-
sively smaller. Then the size effect on the fatigue behavior of BMGs
should be examined. In the following section, we use statistical ana-
lyses to examine the effect of sample size on the fatigue life.

A statistical model is developed to predict the fatigue life of the
BMG based on the defect volume. We hypothesize that the fatigue life
can be characterized by the Weibull theory33. The Weibull theory
assumes that the fatigue failure is determined by the presence of a
critical defect, and such defects occur randomly within a material33.
As a consequence, specimens with larger volumes will have greater
probability of finding a critical defect, and, therefore, have statist-
ically shorter fatigue lives when compared with specimens with smal-
ler volumes34,35.

The two-parameter Weibull fatigue-life distribution has the fol-
lowing cumulative distribution function,

F N a,bjð Þ~1{ exp {V
N
a

� �b
" #

ð2Þ

where N denotes the number of cycles to failure, and V is the volume
of the test specimen. This model has two parameters, a and b. a is the
characteristic fatigue life of a unit volume, and b is the Weibull
fatigue modulus33,35. The probability density function of the
Weibull fatigue-life distribution is

f N a,bjð Þ~V
b

a

N
a

� �b{1

exp {V
N
a

� �b
" #

ð3Þ

Given the number of cycles to failure and the volumes of n test
specimens, denoted by Ni and Vi, respectively, for i 5 1,…, n, the
unknown parameters, a and b, can be estimated by the maximum
likelihood method36. The maximum likelihood estimates of a and b
maximize the likelihood function given by

L a,b N1j , � � � ,Nn,V1, � � � ,Vn,ð Þ~Pn
i~1Vi

b

a

Ni

a

� �b{1

exp {Vi
Ni

a

� �b
" # ð4Þ

The Weibull theory implies a volume-scaling relation between the
fatigue life and the specimen volume. Assuming equal failure prob-
abilities, the volume effect on the fatigue-life ratio for two specimens
of volumes, VA and VB, is

NA

NB
~

VB

VA

� �1=b

ð5Þ

where NA and NB are the respective fatigue lives. This volume scaling
relation suggests a possible way to assess the goodness-of-fit of the
Weibull fatigue-life model, given a small amount of failure data, by
scaling all the observed fatigue lives to a reference volume. If the
Weibull model is an appropriate method to describe the variability
in the data and the volume effect, the scaled fatigue lives at the
reference volume should follow a Weibull distribution.

Table II lists the volumes and the fatigue lives of ten specimens
tested at a stress range of 720 MPa. The MATLAB Optimization
Toolbox is used to maximize the likelihood function, Equation (4).
The maximum likelihood estimates of the two-model parameters are
b~1:453and a~115:323 million cycles.

Figure 5 shows the predicted median, 2.5 percentile, and 97.5
percentile lives. The 2.5 and 97.5 percentiles form a 95% predictive
interval. This 95% predictive interval captures almost all the obser-
vations. Only one observation falls outside the predictive interval. To
assess the goodness-of-fit of the Weibull fatigue-life model33, all the
observed numbers of cycles-to-failure are scaled to a reference
volume of 700 mm3 according to Equation (5). We then perform a
statistical hypothesis test to determine whether the Weibull theory
can be used to explain the volume dependence in the S-N data. Two
competing hypotheses denoted by H0 and H1 are formulated as: H0 -
the scaled fatigue lives follow the Weibull distribution, and H1 - the
scaled fatigue lives do not follow the Weibull distribution. The
Anderson-Darling goodness-of-fit test is applied to decide which
hypothesis is true; and the test yields a P-value of 0.202, which sup-
ports H0. Thus, this analytical result indicates that Weibull theory
may be used to explain the variability in the data as well as the volume
dependence of the fatigue life (i.e., a smaller-volume sample tends to
exhibit a longer fatigue life, Figure 5).

We used the Weibull theory to describe the fatigue behavior of this
material from the statistical point-of-view. According to the analyt-
ical results, the Weibull fatigue-life prediction method seems to be an
appropriate model to describe the variability in the observed fatigue
data and the volume effect. The fatigue behavior of this material,
therefore, may be explained by the Weibull theory. Although statist-
ical analyses imply the possible size-dependent fatigue behavior (i.e.,
a smaller-volume sample tends to exhibit longer fatigue life,
Figure 5), more experimental and analytical work, however, needs
to be conducted to warrant the conclusions.

Discussion
Recent studies of fatigue behavior of metallic-glass (MG) nanowires
by computer molecular-dynamic simulations37 showed that MGs
will not fatigue. Shi et al.37 simulated the fatigue behavior of MG
nanowires under strain-controlled compression-compression tests
and found that ‘‘irreversible deformation occurs during all fatigue
simulations’’. However, the MG nanowire does not suffer from struc-
tural damage, and no softening occurs during cyclic loading’’37. Jang,
Gross, and Greer14,23 reported a significant strength increase and
highly-localized-to-homogeneous deformation mode change, when
the size of the MG nanowire decreases to a nano-meter scale. The
strength of the MG pillar starts increasing with decreasing the dia-
meter at a micro-meter scale, and reaches its maximum value of
2.6 GPa at a diameter of 800 nm, compared to the yield strength
of 1.7 GPa in the bulk (millimeter) scale. Below a diameter of
800 nm, the yield strength of the MG nano-pillar remains
unchanged. However, there is a change of the deformation mech-
anism from a highly-localized shear-deformation mode to homogen-
eous viscous flow at a diameter of 100 nm. Jang et al.38 further studied
the fatigue behavior of MG micron-sized pillars and found that the
fatigue-endurance limit is generally very close to the yield strength of
BMGs, i.e., MGs will not fatigue at submicron scales. The experi-
mental results are consistent with Shi et al’s molecular-dynamic

Table II | Volumes and fatigue lives of ten experimental specimens

Sample, i Volume, Vi (mm3) Cycles to failure, Ni (million cycles)

1 282.7433 0.484017
2 282.7433 0.552864
3 707.4238 1.535442
4 704.0309 0.304354
5 704.0309 1.315717
6 139.1097 1.26922
7 268.0407 3.00371
8 495.3663 1.70379
9 240.8973 2.10075
10 419.0256 4.63925

www.nature.com/scientificreports
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(MD) simulations37. These studies14,23,37 showed that the size of the
specimen does affect the fatigue behavior of amorphous alloys under
compression-compression fatigue, i.e., smaller-size samples gen-
erally exhibit longer fatigue life, as generally observed in Figure 5.
However, the results from the present study, Figure 5, do not show
very strong size-dependent behavior. The reason is likely due to the
fact that the sizes of the specimens used in the current study are on
the millimeter scale. The size effect on the compression-compression
fatigue could be pronounced at a micro-meter scale or below14,23,37.

Wang, Yuan et al.20,22 studied the effect of specimen size on the
fatigue behavior of Zr-based BMGs under 4-point bending tests.
They reported that the smaller-sized sample (2 mm 3 2 mm 3

25 mm) has shorter lifetime and a lower fatigue-endurance limits
than the large-sized sample (3 mm 3 3 mm 3 25 mm). Their results
are different from what we observed in the present study. The incon-
sistency is most likely due to the different fatigue-fracture mechan-
isms between bending-fatigue and compression-compression-fatigue
tests. In bending fatigue, the small-sized BMG samples show the
flexural and fracture failure, while the large-sized BMG samples only
exhibit the fracture failure. Due to the improved bend ductility of the
small-sized BMG sample, more multiple shear bands can form easily
than the large-sized sample under cyclic loading. The cracks initiated
from these shear bands. Thus, in the small-sized BMG sample during
the bending test, multiple shear bands act as weak spots initiating
cracks, which shortens the fatigue life, relative to the large-sized
sample20,22. On the other hand, in compression-compression-fatigue
tests, crack initiation is associated with critical flaws (the weakest
point) in the sample. The probability of having these flaws scales
with the size (volume) of the sample. Therefore, smaller samples
might have longer fatigue life under compression-compression
fatigue.

From several research papers5,10,11,39–42, one can categorize the
fatigue failure of BMGs into three stages. The first is the crack-ini-
tiation stage, where a crack is initiated at the weakest point of the
material, followed by the crack-propagation stage, where the crack
advances slowly under the repeated loading and unloading fatigue
process; and finally, the fast propagating stage, which causes the final
failure of the material. The crack-initiation stage is the key to deter-
mine the fatigue life of such materials with very little or no plasticity.
The fatigue-crack-initiation sites in BMGs could be further divided

into two groups. Type-I is defects, such as free volumes and/or shear
bands, which is associated with the nature of amorphous alloys, and
Type-II is related to the defects, such as inclusions, micro-voids, and
nano-crystalline particles formed during the fabrication process,
which, theoretically, can be eliminated by better fabrication tech-
niques and/or procedures.

From this study, the fatigue-failure mechanism of the large (6-mm
in-diameter) Zr-based BMGs under cyclic compression-compres-
sion stresses is suggested, and illustrated in Figure 6. The crack initi-
ates at the weakest points (extrinsic defect sites as defined above) in
the sample. The crack propagates slowly at the beginning and leaves
the striation on the crack surface. The crack continues to grow until
the sample cannot sustain the stress, and then the fast-shearing pro-
cess starts, which causes the catastrophic failure. During the crack-
propagation process, the fatigue damage is localized. When one crack

Figure 5 | Predicted percentile lives by the Weibull fatigue-life model.

Figure 6 | Proposed fatigue-failure mechanisms of the large (6-mm in-
diameter) (Zr55Cu30Ni5Al10)98Er2 BMGs. (a) The as-cast sample contains

weak points (defect sites, such as microvoids or nanocrystalline particles

formed during the fabrication process). (b) The crack initiates at the

weakest point in the sample. The crack propagates slowly at the beginning,

and leaves the striation on the crack surface. (c) The crack continues to

grow until the sample cannot sustain the stress and then starts fast shearing

of the sample (fast fracture). The fatigue damage is found to be localized.

When one crack starts to grow, the rest of the sample still undergoes elastic

deformation. The microstructure away from the crack region generally

remains unchanged. (d) Therefore, after cutting off the damaged part, the

remaining material performs like an as-cast material with less defects.
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starts to grow, the rest of the sample still undergoes elastic deforma-
tion; the microstructure away from the crack region generally
remains unchanged. Therefore, after cutting off the damaged part,
the remaining part performs like an as-cast material. The above
mechanism implies that the fatigue-endurance limit of BMGs under
cyclic compression-compression stresses can be greatly improved by
reducing the number of Type-II defects (crack-initiation sites) in the
material.

In conclusion, we investigated the effect of ‘‘pre-fatigue’’ on the
fatigue behavior and atomic structure of Zr-based BMGs, aiming to
provide better mechanistic understanding of the fatigue process in
BMGs. The complete compression-compression fatigue study was
conducted on the as-cast, 6-mm in-diameter, Zr-based BMGs. The
fatigue-endurance limit and the fatigue ratio of this material were
500 MPa and 0.27, respectively. Fatigue experiments on the pre-
fatigue-to-failure samples indicated that these leftovers generally
had similar or longer numbers of cycles-to-failure than the as-cast
samples. The PDF analysis of the as-cast and post-fatigue samples,
using the high-energy synchrotron X-ray scattering method, showed
very small changes of local atomic structures. The results suggest that
the fatigue life of the 6-mm in-diameter Zr-based BMG is dominated
by the number of pre-existing crack-initiation sites in the sample.
Once the crack initiates, the fatigue-induced damages are accumu-
lated locally on these initiated sites, while the rest of the region
deforms elastically. The statistical model predicts that the fatigue life
of BMGs under compression-compression fatigue tests may be
longer when the size of the sample decreases. The results from the
present study imply that the fatigue failure of BMGs under compres-
sion-compression fatigue tests is a defect-controlled process. The
current research indicates the importance of the improved fatigue
resistance with reducing the sample size. This phenomenon has far-
reaching implications of BMGs in small volumes under cyclic com-
pression-compression loading.

Methods
The BMGs used in the current study were prepared by arc-melting high-purity ele-
ments, Zr (99.99 mass%), Cu (99.99 mass%), Ni (99.99 mass%), Al (99.99 mass%),
and Er (99.99 mass%), under argon atmosphere. The alloy composition is
(Zr55Cu30Ni5Al10)98Er2 in atomic percent (at.%). To ensure the homogeneity of the
sample, the ingots were re-melted several times before tilt-casting into cylindrical
rods with a diameter of 6 mm, and a length of 60 mm. Since the sample is relatively
large (6 mm in diameter and 60 mm in length), different cooling rates might exist
between the top (closer to the crucible) and the lower ends of the specimen. Only the
lower halves (away from the crucible) of the specimens, which have higher cooling
rates, were used in this study to minimize the possible cooling-rate effect, because
BMGs are sensitive to the thermal history during the fabrication process. Higher
cooling rates usually yield better quality.

The as-cast sample was cut into a 25-mm long cylindrical rod by electric-discharge
machining (EDM). The purpose of using EDM is to minimize the mechanical damage
of the sample during the cutting process, and to make sure that both ends are parallel
to each other. It is important to maintain the parallelism of the sample in compres-
sion-compression fatigue experiments, since unbalanced loading will greatly affect
the fatigue life of BMGs. For each specimen, two thin slices about ,1-mm thick were
cut by EDM from the top and the bottom ends to examine the quality of the specimen.
The structure of both slices was characterized by high-energy synchrotron X-ray
diffraction (HEXRD) and differential scanning calorimetry (DSC). Both tests indi-
cated that the as-cast samples were in an amorphous state. No sharp diffraction peak
from crystalline particles was observed, and the as-cast sample showed the distinct
glass-transition (Tg) and crystallization (Tx) event upon heating, with the tempera-
tures of 408uC and 483uC, respectively.

The as-cast, 6 mm in-diameter and 25 mm in-length rods are used for the fatigue
tests. Samples were fatigued under a load-control mode at a fixed stress range of
720 MPa, a load ratio [R, the minimum stress (smin.) divided by the maximum stress
(smax.)] equal to 10 (i.e., R 5 10, smax. 5 2 80 MPa, and smin. 5 2 800 MPa), and a
frequency of 2 Hz using a sinusoidal waveform. The stress level was selected, based on
the regular fatigue test of the same material with the same diameter under similar
testing conditions (10 Hz, a fixed L/D ratio of 1.67, where L is the length of the
specimen, and D is the diameter of the specimen). At this stress range, the fatigue life
is around ,8 3 105 cycles.
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