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Abstract

An array of well-defined and micrometer-sized circular and line defects were produced on the surface of Zr-based bulk metallic glass
bend specimens using a focused ion beam (FIB) in order to study the effect of the defect size, orientation and shape on fatigue damage
initiation and growth. Damage evolution was recorded using a surface-replicating technique. Damage was observed to initiate and grow
as shear bands or mixed-mode cracks before reaching a characteristic length when they abruptly changed growth direction and propa-
gated orthogonal to the maximum stress axes. Additionally, specimens with circular defect pairs were fabricated so that defect interaction
under fatigue loading could be observed. Analysis of the stress state around the defect pairs indicated that damage initiation occurred in
regions of highest equivalent (von Mises) stress. Stress-life measurements for bending specimens with FIB surface defects were found to
be similar to those for bending specimens without defects at the same applied stress amplitude.
� 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Despite their very high monotonic flow strengths,
Zr-based bulk metallic glasses (BMGs) have been reported
to have surprisingly short fatigue lifetimes and low endur-
ance limits, raising concerns for the structural reliability of
these materials [1,2]. Given the very high yield strengths of
metallic glasses and their resistance to the initiation of flow
under monotonic loading, the observation of low endur-
ance limits and short fatigue lifetimes is surprising. Previ-
ous fatigue studies have demonstrated that surface flaws
control the stress-life behavior of Zr-based BMG fatigue
specimens [2]. Despite the relatively low surface roughness
of the specimens (RMS = 0.1 lm), damage was observed to
initiate rapidly from the surface asperities and second-
phase inclusions. The propagation of damage accounted
for almost the entire fatigue lifetime. In the present study
a focused ion beam (FIB) was used to fabricate an array
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of well-defined and micrometer-sized defects on the surface
of Zr41.25Ti13.75Ni10Cu12.5Be22.5 four-point bending speci-
mens to better understand the influence of surface defects
on the early stages of fatigue damage formation and
evolution.

The early stages of fatigue damage initiation and growth
are often difficult to observe in a specimen with large sur-
face area. Introducing defects at known locations makes
tracking damage evolution easier. A linear array of isolated
circular and line defects was made to study the effect of
defect size, shape and orientation on fatigue damage initi-
ation and growth. A second series of experiments were per-
formed using an array of circular defect pairs to explore the
effect of defect interaction. A surface-replicating technique
was used to accurately monitor damage evolution through-
out the fatigue stress-life test.

Surprisingly, the measured fatigue lifetimes were found
to be unaffected by the presence of the FIB defects and
measured lifetimes were consistent with those previously
reported in four-point bending [1,2]. Damage growth was
observed to occur rapidly and to account for almost the
rights reserved.
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Fig. 1. FIB defect patterns employed showing (a) a linear array of circular
and line defects (pattern 1) where c is the surface half-length, a is the defect
depth, and R the defect radius; (b) an array of circular defect pairs (pattern
2) at angle h to the loading axis with radius R on the specimen surface and
selected separations; and (c) the three-dimensional conical geometry of the
circular defects shown in (b).
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entire measured stress-life. Damage grew from the FIB
defects initially as shear bands or mixed-mode cracks
before reaching a critical length and abruptly changing ori-
entations and continuing to grow as a mode I crack until
failure. In addition to the damage which initiated at the
FIB defects, surface damage also initiated and grew at mul-
tiple locations on the surface from the intrinsic surface
roughness and naturally occurring inclusions of the speci-
men. Such damage was found to be as likely to cause fail-
ure as damage initiated from the FIB defects. Consistent
with earlier observations, fatigue life was observed to be
dominated by the damage growth rather than by initiation.

2. Materials and methods

Rectangular specimens 3 mm � 3 mm in cross-section
and 40 mm long were machined from a Zr41.25Ti13.75Ni10-
Cu12.5Be22.5 (at.%) fully amorphous bulk metallic plate.
Selected mechanical properties are listed in Table 1 [1,3–
11]. The specimens were cut from the as-cast plate using
electrical discharge machining (EDM) and were mechani-
cally ground and polished on all faces to a final RMS sur-
face roughness of 0.1 lm. The corners of the beam were
slightly rounded to reduce stress concentration along the
edge of the specimen. The mechanical polishing removed
any surface layers containing residual stresses.

The FIB was used to mill two separate defect patterns on
the tensile surface of the specimen (along the inner span of
the beam) as depicted in Fig. 1a and b. The first defect pat-
tern (Fig. 1a) consisted of a linear array of simple circular
and line defects. All defects were milled to depths equal to
one-half of their characteristic length: radii R, for circular
defects and surface half-length, c, for line defects. Circular
defects were milled with R of 2.5 and 10 lm. The radii of
the circular defects were essentially constant with depth.
The linear defects were fabricated at angles of 45� and 90�
to the maximum tensile stress direction and were milled with
Table 1
Selected mechanical properties of fully amorphous Zr41.25Ti13.75Ni10-

Cu12.5Be22.5 (at.%) BMG [1,3–12]

Property Value

Young’s modulus, E 95 GPa
Shear modulus, G 35 GPa
Poisson’s ratio, m 0.35
Ultimate tensile strength, rUTS 1.9 GPa
Coefficient of internal friction, l 0.038
Vickers hardness 5.4 GPa
Fracture toughness, KIC �16–55 MPa m1/2

Endurance limit, re
a,b �170–200 MPa

Fatigue crack growth threshold, DKTH
a �1.5–2 MPa m1/2

Fatigue crack growth parameter, ma 1.7
Fatigue crack growth parameter, Ca 2.4 � 10�10

Glass transition temperature, Tg 625 K
Average relaxation time, sc 450 s
Density, q 5.9 g cm–3

a R = 0.1.
b Measured in bending.
c Measured at 416 K.
surface lengths (2c) ranging from 20 to 120 lm. Scanning
electron microscopy (SEM) images of a circular and a line
defect are shown in Fig. 2a and b. The aspect ratio of the line
defects was chosen to roughly approximate the aspect ratio
observed for the growth of surface defects reported previ-
ously in this material [1,2]. Each defect was centered along
the middle of the beam’s width and separated from its near-
est defect neighbor by a distance of �1 mm to prevent any
defect–defect or defect–edge interaction.

The second defect pattern (Fig. 1b) consisted of five sep-
arate circular defect pairs at varying distances from each
other and at varying angles to the maximum tensile stress
direction. The radius of each defect was held constant at
R = 5 lm and the distance between the defects were
increased as a function of R from R/5 to 4R. Each defect pair
was separated from its nearest neighbor by a distance of
�12 R to prevent the stress fields from one defect pair over-
lapping with another. The pattern was milled along the inner
span of the beam (with the pattern centered on the middle of
specimens surface) at angles of h = 15�, 30�, 40�, 45�, 60�, and
90� to the maximum tensile stress direction. An SEM image
of the pattern milled at h = 60� is shown in Fig. 2c. Due to
the limitations of the milling process and the aspect ratios
chosen for the circular defects, the defects were not perfect
cylinders; they were found to have a radius of �2 lm at a
depth of 10 lm, leading to a cone-like shape as depicted in
Fig. 1c.

It is possible that the local structure of the glass at the
edges of the defects could have been altered during the
ion milling process. All defects were milled with an ion
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Fig. 2. SEM images of the FIB defects showing (a) a circular defect from
the linear defect array with R = 2.5 lm and depth = 1 lm; (b) a line defect
with 2c = 120 lm and a = 30 lm; and (c) the complete pattern of pair
defects milled at h = 60�.
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current of 20,000 qA at 30 keV. Changes could have
occurred via local heating and quenching of the glass dur-
ing million or through structural changes due to the phys-
ical impact of the milling ions. FIB milling parameters were
selected such that it would produce a minimal altered
region of the glass. High-resolution SEM imaging was con-
ducted at 5 keV and revealed no obvious changes to the
glass structure, and no further characterization was per-
formed to detect any local changes in the glass structure
around the FIB defects.

All specimens were loaded using a fully articulating
four-point bend fixture with an outer, So, and inner, Si,
span of 30 and 10 mm, respectively, in a servohydraulic
mechanical test system. Testing was conducted under load
control using a sinusoidal waveform and a load ratio of
RL = 0.1. A nominal frequency of 5 Hz was employed.
The number of loading cycles to cause failure, Nf, was
determined. A single cycle was defined as a complete stress
reversal. Testing was conducted in �50% relative humidity
laboratory air at 25 �C. The test frequencies employed rep-
resent loading time scales that are well below the relaxation
timescale at the test temperature to avoid gross viscoelastic
deformation of the material [9]. The testing conditions
employed resulted in stress-life data consistent with those
previously reported [1,2].
The constant bending moment along the inner span of
the four-point beam specimen produces a uniform maxi-
mum normal tensile and compressive stress on the top
and bottom surfaces of the specimen, respectively. The
damage observed occurred on the tensile surface of the
specimen. The normal tensile stress obtained from simple
beam mechanics is

r ¼ 3P ðSo � SiÞ
2bh2

; ð1Þ

where P is the applied load, h is the specimen height, and
b is the specimen thickness. Beams were tested with r in
the range of 550–1267 MPa and tests were terminated if
failure did not occur in 2 � 107 cycles. Stress-life data is
presented in terms of stress amplitude (ra = (rmax – rmin)/
2) normalized by the ultimate tensile strength of the mate-
rial (rUTS), where rmax and rmin correspond to the maxi-
mum and minimum values of the applied loading cycle,
respectively. The flow behavior of this material is elastic-
perfectly plastic, resulting in an ultimate tensile strength
equal to the yield strength, rys.

A cellulose acetate replicating tape was used to record the
initiation and growth of surface damage during the fatigue
test. Acetate tape was softened with acetone and held against
the tensile surface of the specimen until the acetone evapo-
rated and the tape hardened. All replicas where produced,
while the specimens were held at the median load of the fati-
gue loading cycle. Features on the specimens surfaces were
reproduced on the acetate negatives with a nominal resolu-
tion of �10 nm. To quantify the initial state of the specimen
surface, replicas were created at the tests’ median load prior
to cycling. Once cycling began, the tests were halted period-
ically at the median load in order to fabricate additional rep-
licas. The surface was rinsed with acetone before and after
each replica was produced to remove any residual acetate.
After testing, the final replica was examined first so that
the damage that caused failure could be identified and traced
back to the initial replica made before cycling.

The replicas fracture and tensile surfaces of the speci-
mens were examined using SEM to characterize the onset
and evolution of fatigue damage. Prior to SEM examina-
tion, the replicas were coated with a thin layer of gold.
Comparison of the final replica and the corresponding ten-
sile surfaces were used to verify the accuracy of the replicas.
Damage was apparent in the form of shear bands or sur-
face cracks that could be easily identified on the replicas.
The fracture surfaces of the specimens were carefully exam-
ined to determine possible initiation and growth mecha-
nisms, crack geometry, critical crack length, and other
salient features of the initiation sites. Atomic force micros-
copy (AFM) was performed to quantify the surface rough-
ness of the beams.

3. Results

The numbers of cycles to failure, Nf, measured as a func-
tion of the normalized applied stress amplitude, ra/rUTS,
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are presented in Fig. 3. Specimens with a linear array of
defects (Fig. 1a) were tested at ra/rUTS = 0.13, while spec-
imens with circular defect pairs (Fig. 1b) were tested at
ra/rUTS = 0.3. For all specimens, failure occurred within
the inner span of the beam. As is clearly apparent in
Fig. 3, the stress-life results were consistent with published
results for nominally defect-free specimens of the same
glass composition [1,2]. Also included in the figure is the
stress-life curve for a high-strength steel with an ultimate
tensile strength of 2.3 GPa [12], similar to that of the glass.
The endurance limit, operationally defined as the maxi-
mum stress amplitude that the material could be subjected
to for 2 � 107 cycles without failure, was �ra/rUTS = 0.05.
The reported endurance limit is less than 10% of the ulti-
mate tensile strength and in stark contrast to typical
high-strength polycrystalline metals which exhibit endur-
ance limits of �0.5 rUTS.

Examination of surface replicas taken from tests con-
ducted using the linear defect pattern (Fig. 1a) showed that
when the defect length was below a critical length for both
circular and line defects, damage initiated as shear bands or
mixed-mode cracks after only a few stress cycles and prop-
agated at �49o to the maximum normal stress axis, as seen
for a line defect in Fig. 4. Damage abruptly changed orien-
tation after reaching a critical length, and grew as mode I
cracks until failure. This critical surface half-length was
measured previously to be 40–70 lm for semi-elliptical sur-
face cracks tested at ra/rUTS = 0.13. For linear FIB defects
longer than the critical length, damage grew immediately
under mode I conditions and no mixed-mode/shear band
growth was observed. Additionally, defects oriented per-
pendicular to the tensile stress direction with lengths greater
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Fig. 3. Measured stress-life fatigue data for bend specimens containing the
defect patterns compared to data from bending tests of the same BMG
material [1,2] and a high-strength steel alloy [12].
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Fig. 4. SEM images of surface replica from a linear FIB defect showing
(a) the defect before damage growth, (b) shortly after fatigue damage has
changed growth directions, and (c) continued fatigue damage growth
perpendicular to the applied tensile stress.
than the critical defect size did not exhibit any mixed-mode
growth. The number of cycles to initiate and grow damage
to the critical length was similar to that observed in tests
without FIB defects. Note that the compressive surfaces
of the beams exhibited no observable fatigue damage.

Schematic illustrations representing the different stages
of damage growth for surface cracks are shown in Fig. 5.
Initially damage grows under mixed-mode conditions and
was modeled as a semi-elliptical surface crack as shown
in Fig. 5a. The tensile axis is aligned with the Y direction
in the XYZ coordinate system and the X0Y0Z0 coordinate
system is aligned with the cracks’ natural coordinate sys-
tem. The length c represents the damage half-length along
the sample surface, while the length a represents the length
of the damage into the specimen. The angle h represents the
rotation of the crack with respect to the tensile direction,
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while angle U is used to determine the position of a point
along the crack front. After damage reached a characteristic
length, it kinks in the mode I direction. When the kinks have
grown longer than the parent crack, damage can be again
modeled as a semi-elliptical surface crack as shown in
Fig. 6b. Here, h = 0� and the critical stress intensity factor,
KIC, at final fracture was calculated to be �15 MPa m1/2

using published stress intensity solutions for semi-elliptical
surface cracks [13,14]. This value is consistent with plane
strain fracture toughness values previously reported [10,11].

A strong dependency between damage initiation and
defect spacing was observed during the defect pair study.
As the defect spacing became smaller (Fig. 1b), the interac-
tion of the defect stress fields increases, leading to more
rapid damage initiation as shown in Fig. 6 for defects ori-
ented perpendicular to the tensile stress direction. This
trend was similarly observed for all orientations of defects
with respect to the applied tensile stress.

A SEM image of a circular defect pair with spacing of
2R and an angle of 45� (ra/rUTS = 0.3) taken at the end
of a test (6572 cycles) is shown in Fig. 7a. A replica taken
earlier during the test (3000 cycles) for the same pair is
shown in Fig. 7b. Additionally, a replica taken of defect
pairs with spacing of R/2 (h = 90�) and 4R (h = 40�) at
3000 cycles from a different test are included in Fig. 7c
and d, respectively. A schematic showing the pertinent
defect pair geometry is given in Fig. 8, where the applied
tensile stress direction is parallel to the Y (or Y0) axis.
The angle h again represents the orientation of the defect
pair with respect to the applied tensile stress direction.
The points A and A0 are located between the centers of
the defects and along the edge of their respective defect.
The points B and B0 are located along the outside edges
of the defect pair. The shaded region on the face the defect
in Fig. 8 represents an area, where the von Mises or equiv-
alent stress is above the yield strength of the material (for
ra/rUTS = 0.3). The equivalent stress is given by

re ¼
ðr1 � r2Þ2 þ ðr2 � r3Þ2 þ ðr1 � r3Þ2

2

" #1=2

: ð2Þ

where r1, r2, and r3 correspond to the principal stresses.
When re P rys, yielding is predicted to occur. This region
is bounded by the angles h1 and h2, which are determined
by the exact defect pair orientation. Damage was observed
to always initiate in this region, typically along the edge of
the defect and the surface of the sample at or near points A,
A0, B or B0 for h = 90�. For h = 15–60�, damage was
observed to initiate over the range from h1 = 62� to
h2 = 118�. It was observed that initiation was as likely to
occur between the defects (A or A0 side) as it was outside
of the defects (B or B0 side).

Following initiation, damage generally propagated com-
pletely across the defect where it initiated, for example,
from point A to point B before propagating along the sur-
face of the specimen. Once damage had completely propa-
gated across the defect, continued growth along the surface
was controlled by defect spacing and orientation. For pairs
oriented at h = 90�, surface damage growth was perpendic-
ular to the applied tensile stress direction (Fig. 7c). For
h = 15–60�, growth along the surface was strongly depen-
dent on the spacing of the defects. For closely spaced
defects, R/5 – 2R damage was typically observed to grow
between the defects as seen in Fig. 7a. However, for large
defect spacing, 4R, damage was again observed to grow
perpendicular to the applied tensile stress as seen in Fig. 7d.
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Damage did not initiate and grow from every FIB defect
during fatigue testing. Initiation and growth was also
observed at surface locations other than the FIB defects.
Flaws existed on the surface in the form of fine scratches,
trenches and pits, most likely introduced during the polish-
ing process but did not have features significantly higher
than the surface RMS roughness of 0.1 lm. The rough-
ness-induced damage initiation was found to be as likely
to cause failure as the FIB defects. For specimens with pat-
terns of FIB defect pairs, damage was more often observed
to grow from defect pairs at angles of h = 40�, 45�, 60� and
90� and rarely observed for defects at angles of h = 15� and
30�. It was typically observed that the greater the aspect
ratio of the line defect, or the closer the spacing of a defect
pair, the more likely it was that these defects would initiate
fatigue damage and subsequent growth.

Fractographic evidence revealed that once the damage
had reached a critical length it abruptly changed direction
and began to propagate perpendicular to the applied tensile
stress axis. Growth occurred by stable fatigue crack growth
and the crack adopted a semi-elliptical geometry with an
aspect ratio of c � 1.5a, as previously observed [2]. Stable
crack growth occurred via an apparent fatigue-like stria-
tion mechanism. ‘‘Ridge”-like markings similar to those
reported in previous investigations were observed running
parallel to the crack front on the facture surface [1].
A veined fracture surface morphology was apparent when
unstable fracture occurred at the end of the test. The
demarcation between the stable and unstable crack growth
regions was readily apparent on all fracture surfaces.
This allowed the critical crack length to be determined
directly from the fracture surfaces.

4. Discussion

It was shown for nominally defect-free Zr-based BMG
specimens under bending that damage evolution occurred
after very few fatigue loading cycles [2]. The measured
stress-life curve was dominated by the number of cycles
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needed to propagate damage to a critical size, unlike high-
strength single or polycrystalline metallic materials where
damage initiation typically accounts for the majority of
high-cycle fatigue life. For the present BMG, since the
majority of the fatigue life results from damage propaga-
tion, the presence of the micron-sized FIB defects has little
affect on life (Fig. 3). Surface replicas of specimens clearly
indicated that damage initiation associated with the FIB
defects occurs very rapidly (Figs. 4 and 7), but since life
is growth dominated, this has no discernible affect on fati-
gue life. We note that a recent fatigue study reported signif-
icantly longer initiation times for a similar Zr-based
metallic glass and ascribed the behavior to the absence of
surface residual stresses [15]. However, as noted above,
we did not observe such behavior in our fatigue specimens,
which were machined to remove any residual surface
stresses.

It is now well documented that the onset of flow in
BMG materials (including Zr-based alloys) follows a
Mohr–Coulomb type relationship [16–20]:

T c þ Ko � lrn; ð3Þ
where Tc represents the resolved shear stress on the slip
plane where flow occurs, Ko is the yield strength of the
material in pure shear, l is the coefficient of internal fric-
tion, and rn is the normal stress acting on the slip plane.
For uniaxial monotonic compression and tension, yielding
occurs by strain localization in the form of slip along shear
bands [16–20]. Failure occurs by unstable fracture along
the weakened material of the shear band. Due to the nor-
mal stress flow dependency, slip does not occur on the
plane of maximum resolved shear stress. Under compres-
sion, the failure surface is less than 45� and in uniaxial ten-
sion tests the failure surfaces is typically oriented at angles
between 50� and 59� to the loading axis depending on the
value of l [16–19]. For the present glass l � 0.038, which
is small compared to other dilatant-sensitive materials such
as soils and rock which might exhibit coefficients of inter-
nal friction in the range of 0.3–0.6 [21].

Damage initially propagated at �49� to the tensile axis
from the linear array of surface defects with initial size
below the critical length (Fig. 4). This angle is in agreement
with what has been observed experimentally under mono-
tonic loading and for surface fatigue cracks [2]. After
reaching a critical length, the damage abruptly changed
growth direction and continued to propagate perpendicu-
lar to the tensile axis (Fig. 4). It is likely that damage first
propagates as a shear band before mode I crack growth
occurs. In the absence of microstructure and crystalline slip
systems, the angle of the initial flow appears to be deter-
mined by the Mohr–Coulomb flow criteria. In addition,
examination of the fracture surfaces revealed that the
mixed-mode region was featureless and the presence of stri-
ations was not observed, another indication that damage
propagated via a shear band rather than a mixed-mode
crack. After changing orientation, the fracture surface
exhibited the ‘‘ridge”-like features characteristic of a mode
I fatigue crack [2]. However, it should be noted that the
exact nature of the initial damage evolution in the form
of a shear band or mixed-mode crack could not be deter-
mined unambiguously and remains uncertain.

The Rice–Rudnicki model for the localization of defor-
mation in pressure-sensitive materials was explored to fur-
ther clarify, whether or not the initial mixed-mode region
could correspond to a shear band [22]. This model helps
to predict whether or not strain localization will occur in
a material with a normal stress flow dependency. The strain
localization predictions considered here are based on an
isotropic hardening constitutive model. The model predicts
both the critical hardening modulus, hcr, that the material
must possess to prevent flow localization and the orienta-
tion of the strain localization plane. The hardening modu-
lus is related to the tangent modulus:

htan ¼
h

1þ h
G

; ð4Þ

where G is the shear modulus of the material. The relevant
material properties of the glass used in this investigation
were l = 0.038, G = 35 GPa and m = 0.35. The dilatancy
factor, b, for the material is unknown and a reasonable va-
lue was taken to be equal to l, consistent with the normal-
ity rule of plasticity. Dilation studies on a Pb–Cu–Si glass
system yielded b = 0.018, again suggesting that dilatancy
effects for metallic glasses are small [23]. Using an axially
symmetric applied tensile load (rI > rII = rIII = 0) and
the given material properties, hcr/G was calculated to be
�0.2, suggesting that the glass must exhibit strain softening
for localization to occur. Rapid strain softening in the glass
following a peak elastic stress is consistent with the theoret-
ical flow models proposed for metallic glasses [24–26].
Experimental results from numerous compression tests
suggest that metallic glasses exhibit macroscopically elas-
tic-perfectly plastic stress–strain behavior [16,20,27,28].
However, detailed recent studies of the plastic portion of
the stress–strain curve show sharp serrations in the plastic
portion of the loading curve [20,27]. The rapid decrease in
load following the formation of these sharp serrations may
be the result of rapid softening of the glass along the active
shear band in the specimen. The model was also used to
predict ho, which is the angle that defines the plane of local-
ization; in this case it is equal to the angle between the
shear plane and the applied tensile stress direction. A value
of ho = 49� was found, in exact agreement with the angle
observed for the formation of surface shear bands under
fatigue loading and similar to the angle observed under
monotonic loading for this glass. The Rice–Rudnicki mod-
el therefore seems to suggest that the initial deformation in
the metallic glass corresponds to the localization of flow
along a shear band.

The bending stresses applied to the specimens in this
study are well below the tensile strength of the material.
Stress concentrations due to the presence of FIB defects
or surface roughness on the tensile surface significantly ele-
vate the local stresses, possibly leading to the initiation of
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local flow. The sharpness of the line defect is limited to the
spot size of the ion beam, which is finite in diameter and
circular in shape, leading to a defect that has an initial
tip radius, q � 1 lm. The stress concentration factor Kt

for a semi-elliptical through-crack under mode I loading is

K t ¼ 2

ffiffiffi
c
q

r
; ð5Þ

where c is the crack half-length. Given the high aspect ratio
of the linear FIB defects, this yields a stress concentration
factor of �9–18 for defects with an initial length 2c of 20–
80 lm. The circular defects have a stress concentration fac-
tor of 3 that is not affected by the diameter of the defect. At
ra/rUTS = 0.13, defects would only need a stress concentra-
tion factor of 3–4 to raise the local stress above the yield
strength and initiate flow. Damage would therefore be ex-
pected to initiate at each FIB defect tested at ra/rUTS P
0.13. Indeed, damage was observed to initiate for both
the circular and line defects at these applied stress levels.

The RMS roughness of the 300-M steel included in
Fig. 3 was reported to be 1.6 lm [12], much greater than
the 0.1 lm roughness of the metallic glass specimens. One
reason why crystalline materials such as 300-M can tolerate
such roughness without drastic reductions in their endur-
ance limit may be associated with strain-hardening behav-
ior, which inhibits flow, unlike metallic glasses which do
not exhibit significant strain-hardening. Crystalline materi-
als such as steels also exhibit homogeneous plastic flow
which would cause blunting of the defect and reduction
of the stress concentration effect. In metallic glasses, shear
banding from an initial defect is not likely to cause blunting
of the stress concentration and may actually lead to an
increased stress concentration at the tip of the shear band.

Once surface damage reaches a critical length for a given
load (Fig. 4b), it abruptly switches orientation and contin-
ues to propagate as a mode I fatigue crack. The numerical
solutions for semi-elliptical cracks are available in the liter-
ature, allowing the stress intensities along the crack front
can be calculated at the maximum load of the fatigue load-
ing cycle for the geometries shown in Fig. 5a and b [13,14].
Such calculations were performed and published previously
[2]. These solutions can be used to rationalize the switching
mechanism between mixed-mode and mode I growth.
From the stress intensity calculations for these configura-
tions, it is apparent that the critical length at which switch-
ing occurs corresponds to the mixed-mode crack length,
when the KI component just equals the mode I fatigue
crack growth threshold, DKTH. For long cracks DKTH �
1.5–2 MPa m1/2 for the present material [3]. A plot of the
critical crack length vs. the normalized applied stress is pro-
vided in Fig. 9. An SEM image taken from a replica of a
linear defect is shown in Fig. 4. For ra/rys = 0.13 a crack
is predicted to switch orientations after reaching a surface
half-length c � 42 lm. Damage initially grows in the
mixed-mode direction since the crack-like FIB defect is ini-
tially shorter than the critical length. Once damage has
grown longer than the critical length, it abruptly
switches orientation and continues to grow in a mode I
orientation.

For specimens without FIB defects tested at ra/rys =
0.13, the number of cycles needed to initiate the initial fati-
gue damage to the critical length was �10,000 cycles. This
represents �25% of the total fatigue life, which is relatively
small compared to the initiation time for most high-
strength crystalline metals. For specimens with linear and
circular FIB defects tested at ra/rys = 0.13 the number of
cycles need to grow damage to the critical length was
between 1000 and 10,000 cycles (Fig. 4), similar to samples
without any initial defects. Damage which initiated from
the circular defects followed similar trends to the line
defects. The local stress concentration was high enough
to cause flow and mixed-mode damage growth was
observed. When the damage reached the critical length it
abruptly switched orientations in the same fashion as the
linear defects.

In order to analyze the defect pair interactions the
elastic stress fields were calculated using a commercial
finite-element package. A well-refined mesh of 10 node tet-
rahedral elements was employed. Contour plots of the
equivalent stress for h = 90� R/2, h = 45� 2R and h = 40�
4R are plotted in Fig. 10; an example of the finite-element
mesh is shown as well. For simplicity a state of constant
uniaxial stress equal to the maximum bending stress
(r = 1267 MPa for ra/rys = 0.3) at the tensile surface of
the bend specimen was imposed on the block of material
containing the defect pair. In the actual specimen the bend-
ing stress decays linearly from the surface of the specimen.



Fig. 10. Finite-element results for circular defect pairs for a load of ra/rUTS = 0.3 and load ratio RL = 0.1, showing (a) the equivalent stress for defect
pairs at h = 90� and separated by R/2; (b) the finite-element mesh for results in (a); and the equivalent stress for defect pairs (c) oriented h = 45� with
separation 2R, and (d) oriented h = 40� with separation 4R.
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However, since the defects are only 10 lm deep the stress
decay in the specimen is less than �1% and would have lit-
tle effect on the calculated stress fields. The aspect ratio,
orientation and the spacing of the defects was consistent
with the actual specimens. The block containing the defect
pair was large enough in all cases to avoid any interaction
between the edges and the defects.

The calculated equivalent stress distribution closely
matches that of the ryy stress due to the relative magnitude
of the ryy stress compared to the other stress components.
The stress distribution within a single defect was not much
affected by the orientation of the pair to the applied stress
direction as seen in Fig. 10. The highest equivalent stress
was located along the bottom corner of the defect at
h � 0� and 180�. No attempt was made to round the bot-
tom corner of the defect in the finite-element simulation.
The bottom corners of the actual defects are slightly
rounded, which probably alleviates some of the stress con-
centration observed in the finite-element calculations. An
indication of the interacting stress fields was obtained by
plotting the highest equivalent stress normalized by the
applied stress along the outer edge of the defect on the A
and B sides of the defect as a function of spacing R in
Fig. 11 for orientations of h = 15�, 30�, 45�, 60� and 90�.

When the results of the finite-element calculations
(Fig. 10) are compared with the damage initiation sites
identified on the surface replica (Fig. 7), it is apparent that
damage initiation corresponds to regions of higher equiva-
lent stress. Damage most often initiated at the edge of the
defect and the surface of the specimen in the region where
the equivalent stress was greater than the flow strength of
the glass (shaded region in Fig. 8). Damage was found to
initiate as often on the outside side of one of the defect
pairs (near B or B0) as between the pair (near A or A0)
for larger defect spacings. This is probably associated with
the similarity of the stress on the A and B sides of the defect
for large defect spacings. The actual variation of the initia-
tion location along the edge of the defect may be due to the
stochastic nature of fatigue and local fluctuations in surface
properties along the defect, including both material
strength and surface roughness.

A strong dependency between damage initiation and
defect spacing was observed during the defect pair study.
As the defect spacing decreased, the interaction of the
defect stress fields increased, leading to higher stresses
and lower fatigue cycles needed for damage initiation.
The number of cycles for damage initiation is plotted in
Fig. 6 as a function of defect spacing for h = 0� and
ra/rys = 0.3 and exhibits a rapid decrease as the defect
spacing decreases. Little damage initiation was observed
for orientations of h = 15� and 30�. The defects are ori-
ented in such a way that the compressive field surrounding
one defect interacts strongly with the tensile field of the
other, leading to a much lower stress concentration than
other orientations as shown in Fig. 11.

Some additional general trends were observed, further
elucidating the detailed early damage growth processes.
Damage first grows completely across the defect (e.g. from
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A to B) essentially following the path of highest equivalent
stress (compare Figs. 7 and 10) before propagating along
the surface of the specimen. The path of damage propaga-
tion along the tensile surface of the specimen is then deter-
mined by the distribution of equivalent stress around the
defects, which is a function of the defect spacing and orien-
tation. On the surface of the specimen the equivalent stress
are highest roughly along the path connecting the upper
edge of the lower defect and the lower edge of the upper
defect (point A to point A0 in Fig. 8). As the defect spacing
increases, the concentration of stress along that path
decreases, and at the largest spacing (4R) there is essentially
no path of elevated stress between the defects (Fig. 10d).
For large defect spacing, growth is no longer promoted
between the defects and damage is observed to grow in
essentially a mode I fashion once it transverses from one
side of the defect to the other. A semi-elliptical surface
crack with c = 5 lm, a = c and h = 90� under a load of
ra/rys = 0.30 (RL = 0.1) has DK = 3.3 MPa m1/2 at U =
0�. Although damage at this stage is not a semi-elliptical
surface crack and the stress concentration of the defect is
not considered, this simple analysis suggests that mode I
fatigue crack growth should occur without any mixed-
mode growth, which is consistent with what is seen on
the replica for defect spacing of 4R (Fig. 7d). For closer
defect spacing, where there is an appreciable elevation of
the equivalent stress between the defects, damage is
observed to grow along that path between the defects. Once
the damage has propagated across and between both
defects, mode I growth was always observed.

We have demonstrated that the local stress fields associ-
ated with the circular defects can be used to significantly
affect the initiation cycles to form fatigue damage. In addi-
tion, the separation and orientation of the defects can be
used to steer the growth direction of the shear bands. We
hope that the work will therefore form the basis for using
such artificial defects to study the initiation of shear bands,
to further explore the role of fatigue loading parameters,
and possibly also to help design composite metallic glass
microstructures with optimum distributions of second-
phase particles to distribute shear bands and improve
mechanical properties.

5. Conclusions

An array of well-defined and micrometer-sized circular
and line defects were produced on the surface of Zr-based
BMG bend specimens using a FIB to study the effect of
the defect size, orientation and shape on fatigue damage ini-
tiation and growth. Measured stress-life was not reduced
significantly for specimens containing the defects compared
to specimens without defects. Rapid damage growth was
observed from the defects as well as from other surface loca-
tions. Fatigue life was related to the growth rather than ini-
tiation of fatigue damage. Damage typically grew initially
from the defects under mixed-mode conditions before
reaching a critical length where it abruptly changed orienta-
tion and continued to grow in a mode I direction until fail-
ure. Prediction from the Rice–Rudnicki model as well as
examination of the fracture surfaces suggests that the initial
mixed-mode growth corresponds to shear band growth.
The switching phenomena correspond to a length where
the mode I stress intensity component at the tip of the mixed
defect reached the fatigue crack growth threshold. Damage
initiation sites for the defect pairs were observed to be
located in regions of highest equivalent stress.
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