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A coating of the Zr-based thin-film metallic glass (TFMG) was deposited on the Zr5oCuzAl;(Ni;o bulk metallic
glass (BMG) to investigate shear-band evolution under four-point-bend fatigue testing. The fatigue endurance-
limit of the TFMG-coated samples is ~ 33% higher than that of the BMG. The results of finite-element modeling
(FEM) revealed a delay in the shear-band nucleation and propagation in TFMG-coated samples under applied
cyclic-loading. The FEM study of spherical indentation showed that the redistribution of stress by the TFMG

coating prevents localized shear-banding in the BMG substrate. The enhanced fatigue characteristics of the
BMG substrates can be attributed to the TFMG coatings retarding shear-band initiation at defects on the surface

of the BMG.

1. Introduction

Bulk metallic glasses (BMGs) have attracted considerable attention
as structural materials, due to their high strength, superior elasticity,
and high corrosion resistance [1]. However, the applicability of these
materials is restricted by poor room-temperature plastic deformability
and fatigue properties, which can lead to catastrophic failure under
mechanical loading. Brittle fractures in BMGs are associated with the
formation of highly-localized shear regions, referred to as shear bands.
Crystalline materials are easily susceptible to crack propagation, which
greatly undermines their resistance to fatigue [2—5]. Researchers have
proposed two mechanisms to explain fatigue-crack initiation in BMGs
[6,7]. The first involves the initiation of cracks when the stress is
concentrated at casting defects, such as pre-existing pores and inclu-
sions. The second involves the initiation of shear bands from the free
surface of the BMGs under cyclic loading. Shear bands accommodate
the release of elastic energy and heat, causing the shear regions to
weaken into shear steps to produce microcracks under further cyclic
loading [8]. Several methods have been proposed to improve the
fatigue resistance of BMGs [9—-11]. The fatigue mechanisms of BMGs
differ considerably from those of crystalline materials, due to differ-
ences in their atomic and microscopic structures [7]. The method used
to enhance the fatigue-endurance of crystalline materials (shot peen-
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ing) is inapplicable to glassy alloys. Raghavan et al. [9] determined that
during fatigue cycles, stress would concentrate in softened regions or
shear bands induced by shot peening, thereby accelerating crack
initiation and reducing fatigue resistance. Another approach to im-
proving the fatigue endurance of BMGs involves the introduction of a
second phase into the matrix in order to constrain the propagation of
shear bands and cracking [10—12]. However, some BMG composites
exhibit fatigue lifetime lower than that of monolithic BMGs in the low-
cycle-fatigue region, due to the fact that crack propagation occurs more
rapidly in the second phase than in the BMG matrix [10,12].
Furthermore, various microstructural characteristics of BMG compo-
sites, such as phase size and spacing, are difficult to control. In the
current study, we conducted four-point-bend fatigue tests to determine
whether a thin coating of metallic glass (~260 nm) could delay shear-
band propagation and thereby improve the fatigue characteristics of
BMGs.

We determined that the deformation behavior transits from the
localized shear banding to homogeneous plastic flow when the sample
size is reduced from the millimeter- to nanometer-scales [13-16].
According to Weibull statistics, the strength of small-scale MGs should
be higher due to a smaller flaw-size distribution, requiring a higher
stress (i.e., more energy) to initiate the formation of shear bands
[17,18]. Thin-film metallic glasses (TFMGs) on the sub-micrometer
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scale provide strength and ductility superior to those of its bulk form
[19]. TFMGs have been used to improve the fatigue properties of
crystalline materials, including 316 L stainless steels [20], nickel-alloy
[21], titanium-alloy [22], and aluminium-alloy [23]. The improved
fatigue characteristics can be attributed to the high ductility and
strength of the TFMG coatings, which retards fatigue-cracking-initia-
tion in TFMG/substrate materials under cyclic loading. Few studies
have reported on efforts to improve the fatigue properties of BMGs
through the application of coatings. This is one of the first studies to
extend the use of TFMG coatings as a protective layer on crystalline
materials in order to improve the fatigue characteristics of BMGs. In
this study, we investigated the effects of such coatings on shear-band
initiation in BMG substrates during fatigue tests. We did not take into
account the evolution of fatigue-crack propagation. We conducted a
systematic investigation of shear-band evolution in film/substrate
systems using experiments and numerical modeling. We conducted
finite-element modeling (FEM) of film/substrate systems under the
effects of fatigue and indentation to elucidate the means by which the
coatings affect shear-band formation and evolution in BMG substrates.

2. Experimental methods

Zrs50CuzpAl;oNijg BMGs (in atomic percent, at%) were machined
into rectangular slabs with sample dimensions of 3 mmx3 mm
x25 mm from as-cast ingots fabricated by arc melting under an argon
atmosphere. Prior to thin-film deposition, the surfaces of the BMG
samples were mechanically polished to a mirror finish. The 260 nm-
thick MG films were deposited on the BMG substrates with a
Zrs5CuagAly1Ni5 alloy target using radio frequency magnetron sputter-
ing deposition at a base pressure of <1x107®Torr. Argon was
introduced as a sputtering gas at a working pressure of 3 mTorr with
an applied substrate bias of =50 V.

Four-point bending fatigue tests were conducted on bare and
TFMG-coated samples. The experiments were carried out using a
Materials Test System (MTS370). The spans of between upper pins
and bottom lower pins were 10 mm and 20 mm, respectively. The
fatigue tests were performed under in load-control mode on a hydraulic
load frame, using sinusoidal waveforms at frequencies of 10 Hz with R
=0.1, where R is the ratio of the minimum stress to the maximum
stress. Testing was conducted until the sample failed or until a pre-
defined run out of 1x107 cycles was attained. The calculations of the
nominal maximum alternating stress was obtained, using the following
equation: 0=3x Px(l-d) /2 wt?, where P is the applied load, 1 is the
support span, and d is the upper span, and w and t are the width and
thickness of the specimens, respectively. The crystallographic struc-
tures of the samples were characterized using an X-ray diffractometer
(XRD, D8 Discover) with Cu Ka radiation at 40 kV and 200 mA. A low
glancing angle was used for analysis of the thin films. The element
compositions of the samples was determined employing the energy-
dispersive spectrometry (EDS), The fracture surfaces of the specimens
were examined using a scanning electron microscope (SEM) with a
dual-beam focused ion-beam system (FIB, FEI Quanta 3D FEG). The
transmission electron microscope (TEM) foil specimens were prepared
with a 30- kV Ga* focused ion beam for the initial sectioning, and 5 kV
for the final ion polishing. A TEM operated at 200 kV was used to
examine the microstructure and to obtain the selected-area electron
diffraction (SAED) patterns of the samples.

3. Numerical approaches

The experiments on the TFMG-substrate materials were designed to
elucidate the structure and mechanical properties of the thin films as well as
substrates. However, the extreme thinness of the films hampered the
formulation of stress and strain plots. Furthermore, illustrating the shear-
band initiation and propagation in metallic glasses is difficult using
experimental methods. Thus, we employed FEM to derive this information.
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Fig. 1. Numerical models representing (a) the through-thickness segment of the TFMG-
coated material under cyclic bending; and (b) the local top segment with the existing
shear step under cyclic tension loading.

3.1. Fatigue Model

FEM of uncoated and TFMG-coated BMG substrates is performed,
with an aim to rationalize the fatigue behavior observed experimen-
tally. Fig. 1(a) illustrates the computational model and boundary
conditions employed for the cyclic bending test. The thickness of the
TFMG coating is identical to the experimental value, and the substrate
thickness is taken as 20 pm. Another case involving only a bare BMG
without any coating is also considered. Bending deformation is
introduced by imposing displacements along the 1-direction, linearly
graded through the thickness, to the right-hand boundary. The max-
imum bending tensile strain on the top side is set at 0.025. Cyclic
deformation between zero strain and this peak value is then simulated.
Along the left-hand boundary, displacement in the 1-direction is
forbidden during deformation, but movement in the 2-direction is
allowed except that the lower-left corner node remains fixed.

In a separate analysis, attention is directed to the effect of an
existing shear offset (as observed in the experiment described below)
on subsequent deformation. The model features a local region on the
top (tensile) side of the fatigue specimen, as shown in Fig. 1(b). The
size of the shear step is taken to be 5/6 of the film thickness. Since the
analysis is intended for the quantification of the local deformation field
around the surface step, the uniform pulling displacement along the 1-
direction on the right-hand boundary is imposed. Cyclic loading
between the tensile strains of 0 and 0.025 is simulated. As in the
bending fatigue model, a pure BMG counterpart of Fig. 1(b) is also
included in the investigation.

The materials are treated as isotropic elastic-plastic solids. The
Young's modulus and Poisson's ratio of BMGs are 108 GPa and 0.37,
respectively. Plastic yielding follows the von Mises criterion and
incremental flow theory. The choice of appropriate constitutive laws
for amorphous alloys has been a topic of active research [1]. Within the
continuum framework, plasticity in crystalline metals is generally
controlled only by the deviatoric part of the stress tensor. For
disordered materials, such as metallic glasses, hydrostatic pressure is
expected to influence the yield behavior. Many experimental investiga-
tions have concluded that the pressure dependence of plastic deforma-
tion is relatively weak (see Ref [1]. for discussion). Some studies
specifically showed that the von Mises criterion is adequate for
describing the yield response [24,25]. Therefore, for simplicity pur-
poses, the von Mises criterion with perfect plasticity upon yielding at a
uniaxial stress of 2.2 GPa is chosen for this part of the modeling study.
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A plasticity model alone cannot capture the actual shear banding
phenomenon. Thus, for the bending fatigue simulation, we incorporate
randomly-generated “weak” points in the BMG substrate to trigger
discrete deformation along maximum shear directions. The weak
points have the same elastic-plastic properties as the regular BMG
material, except for a built-in softening response upon yielding. This
approach has been used successfully to numerically study shear-
banding phenomena in metallic glasses [26,27]. The Young's modulus,
Poisson's ratio, and yield strength of the TFMG coating are taken to be
124 GPa, 0.37, and 2.93 GPa, respectively. Due to its relatively-ductile
nature (as discussed extensively below), no weak points are included in
the TFMG model. The models depicted in Fig. 1(a) and (b) contain a
total of 195,000 and 507,500 four-noded elements. The finite element
program, Abaqus (version 6.13, Dassault Systemes Simulia Corp.,
Providence, RI, USA), is employed for the modeling efforts.

3.2. Indentation Model

As reported in our previous work [7,28—30], the stress fields can be
calculated using the continuum plasticity model in FEM, while the
continuum plasticity model cannot consider strain localization in MGs.
Here, the strain localization will be studied with finite element
simulations based on the free volume model, proposed by Spaepen
[31], which can be employed to illustrate the explicit history of shear-
band nucleation and propagation under indentation.

In the free-volume model, the free volume driven by stress can be
increased, which will reduce the viscosity of BMGs, and, therefore, lead
to the strain-softening behavior. In the pure shear case, the plastic-
strain rate (") is calculated by [31].

m
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where 7 is the shear stress, v* is the hard-sphere volume of an atom, v
is the average free volume per atom, AG™ is the activation energy, f is
the frequency of atomic vibration, kg is the Boltzmann constant, a is a
geometric factor of order 1, Q is the atomic volume, and T is the
absolute temperature. Moreover, in Spaepen's model [31], the evolu-
tion of free volumes is determined by two competing processes under
deformation: a) free-volume creation driven by stress and b) free-
volume annihilation dominated by atomic diffusion. Finally, the net
change of free volumes can be represented by [31].
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here, np (np =3 in the present work) is the number of atomic jumps
needed to annihilate a free volume equal to v* and the effective elastic
modulus is E.4=E/3(1 — v).

As illustrated in Egs. (1) and (2), the plastic-strain and free-volume
changes of MGs are assumed to be proportional to the shear stresses.
This constitutive model allows us to investigate the interaction between
shear bands and background-stress fields, which, therefore, can
provide the information on the initiation and propagation of shear
bands under deformation. To this end, we will adopt the free volume-
based constitutive model to capture the shear-banding events, after
being implemented into ABAQUS using the user-defined material
(UMAT) subroutine in Ref [32].

Three-dimensional (3D) axisymmetric ABAQUS models, consisting
of 8-node linear-brick elements with an element type of C3D8, are
constructed for indentation loading, with a BMG substrate and a layer
of TFMG. As investigated in our previous work [7,19,26], the mechan-
ical behavior of the film/substrate material system is significantly
dependent on the adhesion between the film and substrate, including
fatigue and plasticity of TFMG-substrate materials. Generally, the
better film-substrate adhesion will lead to greater mechanical perfor-

AG™
kgT
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mance in the TFMG material systems. Therefore, the perfect film-
substrate adhesion models, as well as bare BMG substrate models, are
employed in the present finite-element models using a rigid Rockwell
indenter. More detailed model information can be referred to Ref
[7,29].. For the substrate materials, the constitutive parameters are
listed as below: EQ/2kpT=240, v=0.33, v~ /Q=1,7/av* =0.05, np, =3,
and a=0.15. The normalized loading rate can be calculated as:
y = i exp( AG™

Rf ks T 3)

In the current TFMG-substrate models, same material parameters
are assigned to the TFMGs and BMG substrates, except the yield stress.
The yield stress values of TFMGs and BMG substrates are given as
1500 MPa and 1000 MPa, respectively, since the TFMG usually has a
larger yield stress than the bulk metallic glasses [26].

) =23 x 1076 57!

4. Results and discussion
4.1. Fatigue characteristics

The EDS analysis identified the composition of the sputtered-TFMG
as ZrgoCuogAli(Nis (in atomic percent). Fig. 2(a) presents X-ray
diffraction patterns of the BMG and TFMG, both of which present a
broad diffraction hump with 260 only in a range of 30—45°, correspond-
ing to an amorphous structure. No Bragg peaks associated with
crystalline phases were detected.

The S-N data (Please define S-N curves in Section 2) for the bare
and TFMG-coated BMG samples are plotted in Fig. 2(b). The maximum

(a)
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Fig. 2. (a) XRD patterns of the Zr-based TFMG and as-cast Zr5oCuzpAl;oNi;o BMG; (b)
S-N curves of bare and TFMG-coated samples (measured using sinusoidal waveforms at
frequencies of 10 Hz with R =0.1).
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Fig. 3. (a) Fractographic characteristics of TFMG-coated samples tested at o,y of 500 MPa; (b) crack-initiation region; (c) transition region between the crack-propagation region and
fast-fracture region; and (d) transition region between the fast-fracture region and melting region; (e) tilted view of the SEM image showing the tensile side of the fractured TFMG-
coated sample, revealing micro-cracks and shear-band offsets near the edge of the fracture.

stress range corresponding to 107 cycles is defined as the fatigue-
endurance limit. As shown in Fig. 2(b), the fatigue-endurance limit of
the as-cast BMG samples in this study was 300 MPa. The endurance
limit was extended by ~33%, from 300 MPa (the bare BMG) to
400 MPa (the TFMG-coated BMG). The increase in the fatigue-life of
the TFMG-coated samples was more pronounced in the region of the
low stress fatigue than in regions of the high stress fatigue. This trend is
consistent with the characteristics of many TFMG-coated crystalline
substrate systems [7,21-23].

4.2. Fractography

The SEM analysis revealed similarities in the fractographic char-
acteristics of the TFMG-coated samples and bare samples, wherein

149

cracks initiated at the tensile surface and then propagated toward the
compressive side of the samples. Fig. 3(a) presents the overall fatigue-
fractured morphology of the TFMG-coated samples tested under the
maximum stress of 500 MPa. BMGs typically present a fracture surface
with four distinct regions [6,33]: the fatigue-crack initiation, crack-
propagation, fast-fracture, and melting regions. In Fig. 3(b), fatigue
cracks initially developed on the tensile surface of the BMG, resulting
in striation-type fracturing. As shown in Fig. 3(c), crack initiation is
followed by crack propagation in which fatigue-crack growth (with
striations) changes to fast fracture (with vein-like patterns). Fig. 3(d)
presents the droplets and vein patterns associated with the melting
region near the compressive side of BMG specimens. This trend is
generally not encountered on the fatigue-fracture surface of crystalline
materials. Localized heating can be regarded as the release of the stored
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microcrack

Fig. 4. (a) Tilted view of the SEM image showing the fractured TFMG-coated sample near the edge of the fracture, tested at o,,ax of 500 MPa. Dark lines indicate the locations used for
the preparation of TEM foil samples; (b) to (d) corresponding cross-sectional TEM images with offsets of various heights.

elastic strain energy at the moment of fracture [8]. A fatigue-fracto-
graph of bare BMG sample can be found in Supplementary Fig. S1,
which also clearly reveals the stages of fatigue-crack growth. Fig. 3(e)
shows a tilted view of the tensile side of the TFMG-coated sample,
revealing the micro-cracks and shear-band offset near the edge of the
fracture. Microcracks generally initiate from shear-band offsets.
Despite the formation of multiple shear-offsets and micro-cracks, the
TFMG coating remained strongly adhered to the substrate, with no
visible signs of peeling off. Good adhesion between the substrate and
coating is a crucial factor influencing the shear-band distribution in
TFMG material systems under the effects of deformation [7].

The cross-sectional TEM image of as-deposited TFMG/BMG sam-
ple as well as selected-area diffraction patterns for both TFMG coating
and BMG substrate can be seen in Supplementary Fig. S2. Fig. 4(a)
presents a tilted view of the SEM image of the fractured TFMG-coated
sample near the edge of the fracture when tested at omax =500 MPa.
The dark lines indicate locations where the cross-sectional TEM foil
samples are prepared. Corresponding TEM images are presented in
Fig. 4(b) to (d), respectively. Fig. 4(b) to (d) reveal the evolution of
fatigue fractures in the BMG, beginning with the initiation of shear
bands on the surface of the sample. The concentration of stress caused
the evolution of the shear bands into shear-band offsets, which grew
rapidly under further cyclic loading. The shear-band offsets eventually
developed into fatigue cracks. The sequential process from shear-
banding to the formation of microcracks in Fig. 4 verifies the mechan-
ism of fatigue-crack initiation proposed by Wang et al. [6]. The TFMG
coating remained strongly adhered to the BMG substrate, with no signs
of delamination or fracturing despite the effects of the film being pulled

150

by the shear steps, indicated by the homogeneous plastic deformation.
As shown in Fig. 4(c), the TFMG coating was able to withstand the
considerable shear strain, showing indications of interdiffusion with
BMGs at the TFMG/BMG interface along the shear step, as previously
reported [34].

Shear bands and/or cracking usually initiate from casting defects
and pores introduced during alloy casting. This trend leads to
preliminary failure due to differences in the concentration of stress at
these sites [35]. Such defects can have a considerable effect on the
mechanical properties of BMG specimens, particularly the fatigue
characteristics [36,37]. The fact that fatigue cracking begins at shear
bands means that the fatigue life of BMGs could be extended simply by
delaying shear-band initiation. In fatigue experiments, the initiation of
localized shear bands produced shear-softening regions that served as
stress concentrators capable of inducing severely-localized shear
banding. The resulting shear-band offsets easily evolve into micro-
cracks, which can cause the catastrophic failure. TFMG coatings can be
used to compensate for existing flaws on the surface of BMGs. This
feature minimizes the formation of stress concentrators and, thereby,
extends the fatigue life of the BMG.

4.3. Numerical Modeling Results

4.3.1. Bending-Fatigue Model

The primary objective of this model was to gain qualitative insight
into the means by which the TFMG coating improves the fatigue
resistance of the BMG. Fig. 5(a) presents a contour plot of equivalent
plastic strains in the uncoated BMG substrate at the peak point of the
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Fig. 5. Contour plots of equivalent plastic strains showing simulations of shear-band configuration: (a) bare BMG and (b) TFMG-coated BMG under the peak load of the first bending

cycle, and (c) bare BMG, and (d) TFMG-coated BMG after 5 full bending cycles.

(a)

Equivalent

plastic strain
0.9107
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0000

(b)

Equivalent
plastic strain

2,5253
0.5000
0.4375
0.3750
0.3125
0.2500
0.1875
0.1250
0.0625
0.0000

TFMG/BMG

Fig. 6. Contour plots of equivalent plastic strains in (a) bare BMG and (b) TFMG-coated
BMG, both with an existing shear step, after 5 full tensile loading cycles. The model in (c)
is the same as (b) except for the replacement of the 45° interface between the TFMG and
BMG with a graded interface showing a gradual change in material properties.

first bending cycle. Distinct shear bands near the top (tensile) and
bottom (compressive) surfaces are apparent. The bands are oriented at
45° to the surface, along the direction of the maximum shear strain.
Fig. 5(b) presents the corresponding plot for the TFMG-coated model.
The deformation curvature and high shear band density were also
observed in the coated specimen. The figure also reveals that the
deformation bands are shorter and far less developed in the coated
samples than in the bare BMG substrate. It appears that reducing the
number of initiation points on the tensile surface of the coated samples
limited the localization of deformation; i.e., the coatings partially
absorb the deformation energy. As a result, the nucleation of shear
bands beneath the interface between the TFMG coating and BMG was
more homogeneous, such that discrete patterns were less conspicuous.
Fig. 5(c) and (d), respectively, present contour plots of equivalent
plastic strains in the bare BMG and TFMG-coated BMG models after 5
full-bending cycles. These patterns are similar to those shown in
Fig. 5(a) and (b). However, the maximum strain values in the cycled
models are far higher than those of in the first bending cycle. A
comparison between Fig. 5(c) and (d) visually illustrates the large effect
that even a thin coating can have on the development of the
inhomogeneous deformation patterns. The smaller size and lower
strain levels associated with the shear bands in the coated samples
suggests that fracturing would be delayed during the fatigue process.
This conclusion is in agreement with our experimental observations.
The microscope image in Fig. 4 shows clear evidence of shear
offsets on the tensile surface, leading to the formation of microcracks.
Thus, we sought to determine the means by which an existing shear
offset influences local deformation, with and without the TFMG coat-
ing. We used a model depicted in Fig. 1(b) for this purpose. Fig. 6(a)
and (b), respectively, exhibit contour plots of equivalent plastic strains
in bare BMG and TFMG-coated BMG models after 5 full-loading cycles.
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The image shows strong plastic bands emerging from the root of the
shear step at an angle of 45°. The coated structure in Fig. 6(b) displays
a larger band size with higher strain values, which suggests that failure
initiation will occur more readily. Without the possibility of failure in
the numerical model, a second band with less pronounced plastic
strains was also seen to have developed in the TFMG-coated specimen.
The results demonstrated that, once a shear offset has formed, the
TFMG coating is no longer able to protect the BMG substrate and may
actually promote fracture. Thus, we believe that the improvement in
fatigue resistance provided by the coating is due to the more homo-
geneous deformation (with less plastic localization) underneath the
TFMG/BMG interface, which helps delay the formation of dominant
shear bands and subsequent formation of shear offsets.

4.3.2. Indentation Model

Fig. 7 presents the 3D axisymmetric indentation model with free-
volume contour plots of BMG specimens: (a) bare, (b) with TFMG
coating, and (c) with Ti coating. Note that SDV1 in Fig. 7 denotes the
first solution-dependent state variable (SDV), which is used to repre-
sent the free volume in the UMAT code. Fig. 7(a) shows four pairs of
major shear bands that appeared in the bare BMG substrate model
under the effects of indentation. Thus, the propagation of major shear
bands throughout the entire bare BMG specimen renders the sample
highly susceptible to the deformation-induced failure under the effects
of indentation. However, the TFMG in Fig. 7(b) reveals minor shear
bands appearing in the region proximal to the TFMG-substrate inter-

(a)

SDV1

(Avg: 75%)
+3.841e-01
+3.546e-01
+3.252e-01
+2.957e-01
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face, as well as two pairs of major shear bands. From this trend, we can
deduce that under the effects of indentation, the load can be shared by
minor shear bands, leading to an overall reduction in the stress of the
BMG substrates. To investigate the stress sharing in film-substrate
(BMG) materials, we formulated an additional 3D indentation axisym-
metric model [Fig. 7(c)] to study strain localization in a BMG metallic
glass substrate coated with a thin film of Ti, wherein the Ti was treated
as a purely elastic body with a Young's modulus of E =122 GPa and a
Poisson ratio of v=0.34. As shown in Fig. 7(c), this model presents a
larger number of minor shear bands than that observed in either the
bare BMG or TFMG-substrate (BMG) models. This trend means that a
layer of Ti could be used to improve the mechanical behavior of bare
BMG specimens. However, the benefits are not as pronounced as those
afforded by TFMGs.

To verify this hypothesis, we obtained the stress contours of a 3D
axisymmetric indentation model on the bare BMG specimens (a) with
the TFMG coating (b) and the Ti coating (c). Fig. 8(a) shows the stress
evenly concentrated around the major shear bands. In contrast, the
TFMG-substrate model [Fig. 8(b)] shows the stress concentrated
mainly in the TFMG, which means that the load under indentation is
shared by the TFMGs. The stress contour from the Ti-substrate model
in Fig. 8(c) shows the stress evenly distributed around the shear-
banding region, but with stress values far lower than those of the bare
BMG substrate. This feature provides further evidence that Ti thin
films slightly improve the mechanical performance of BMG specimens.
However, the effect is less than that of TFMGs.

(b)

SDV1
(Avg: 75%)
+4.110e-01

TFMG

BMG substrate

SDV1L
(Avg: 75%)

.334e-02
.059e-02

Mixture of major and
minor shear bands

Fig. 7. 3D axisymmetric indentation model using a rigid Rockwell indenter: free-volume contour plots of BMG specimens: (a) bare, (b) with TFMG coating, and (c) with titanium

coating.
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Fig. 8. 3D axisymmetric indentation model using a rigid Rockwell indenter: stress contour plots of BMG specimens: (a) bare, (b) with TFMG coating, and (c) with titanium coating.

4.4. Fatigue-crack-initiation mechanism of the TFMG/BMG system

Several studies have reported improvements in the fatigue proper-
ties of crystalline material via the application of TFMG coatings
[20,22,23]. Fatigue-crack initiation in a film/substrate system has been
attributed to the TFMG coating suppressing the pile-up of dislocations
in crystalline materials [21]. The absence of crystalline defects means
that fatigue cracking in BMGs is initiated by the growth of shear bands.
We observed a similar mechanism in the proposed TFMG/BMG
system. Based on the experimental observations and modeling results,
we propose that fatigue-crack initiation in the TFMG/BMG system is a
three-stage process, as schematically illustrated in Fig. 9. The influence
of the TFMG coating on fatigue resistance is apparent only in the first
stage, during which it can compensate for defects on the surface of the
substrate. Our indentation model indicates that the TFMG coating
enables the redistribution of stress (i.e., reduces stress concentration),
which helps delay the formation of shear bands and prevents shear
localization. Once the shear band transforms into shear steps (stage II),
the TFMG coating is no longer able to protect the substrate due to the
severe localization of the stress at the film/substrate interface, as
shown in Fig. 6(b) and (c). The shear steps continue growing and
eventually evolve into microcracks (stage III), whereupon fatigue
cracks propagate through the substrate, resulting in the rapid failure
of the TFMG/BMG system. Unlike the BMG-composite with crystalline
phases, which hinder the shear-band/crack propagation, a strong and
ductile TFMG coating can effectively delay the shear-band initiation so
as to improve the fatigue properties of BMGs.

5. Conclusion

This study demonstrated conclusively that the fatigue properties of
the ZrsoCuszgAl;oNi;g BMG can be improved through the application of
a thin film metallic glass. We systematically investigated the effects of
the TFMG coating on the mechanical behavior of a BMG substrate, by
conducting fatigue and nanoindentation tests as well as ABAQUS
simulations. The conclusions of the presentwork are summarized as
follows:

(1) In experiments, the endurance limit (400 MPa) of TFMG-coated
samples far exceeded that of bare samples (300 MPa). These
findings confirm that delaying shear-band initiation through the
application of a TFMG coating enhanced fatigue resistance.

The results of indentation modeling revealed that much of the
indentation-related stress was shared by the TFMG coating, which
resulted in the formation of only minor shear bands in the BMG
substrate. In contrast, the concentration of the stress in the BMG
substrate led to the formation of large, localized shear bands in the
bare BMG and Ti-coated specimens.

Based on the modeling and experimental results, we propose the
following mechanism to explain fatigue-crack initiation in the
TFMG/BMG system. The TFMG coating prevents the stress
localization at defects on the surface of the BMG surface mainly
during the shear-band-initiation stage, thereby delaying the for-
mation of dominant shear bands and subsequent shear offsets.
(4) The ability of the TFMG coating to retard shear-band initiation and

(@)

3
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Fig. 9. Schematic illustration showing three-stage fatigue-crack initiation in TFMG/
BMG system.

propagation in the BMG substrate during fatigue tests can be
attributed primarily to the excellent toughness and plasticity
characteristics.
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