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Corrosion fatigue (CF) tests were carried out on bulk glassy Zrs.sCui7.9Al1oNiaeTis
(Vitreloy 105) samples under load-controlled three-point bending conditions with a load
ratio of R = 0.1 in 0.01 M Na,SO, + 0.01 M NaCl electrolyte. During cyclic testing,
the bar-shaped specimens were polarized in situ at constant potentials and the current
was monitored. Three different anodic potentials within the interval between the pit-
ting potential Ep and the repassivation potential Er and three different load amplitudes
were applied. In some cases, in situ microscopic observations revealed the formation
of black corrosion products in the vicinity of the crack tip during anodic polarization.
Fractographic analysis revealed a clear distinction between two modes of crack growth
characterized by smooth dissolution induced regions on the one hand and slim fast frac-
ture areas on the other hand. Both alternating features contributed to a broad-striated
CF fracture surface. Moreover, further fatigue tests were carried out under free corrosion
conditions yielding additional information on crack initiation and crack propagation
period by means of the open circuit potential (OCP) changes. Thereby, a slight increase
in OCP was detected after rupture of the passive layer due to bare metal exposed to
the electrolyte. The electrochemical response increased continuously according to
stable crack propagation until fracture occurred. Finally, the fracture surfaces of the CF
samples were investigated by energy dispersive X-ray with the objective of analyzing
the elemental distribution after anodic dissolution. Interestingly, anodic polarization at
a near repassivation potential of =50 mV vs. saturated calomel electrode (SCE), which
commands a constant electric potential of £ = 0.241 V vs. standard hydrogen electrode
(SHE), led to favorable effects on the fatigue lifetime. In conclusion, all results are con-
flated to a CF model for bulk glassy Vitreloy 105 under anodic polarization in chloride-
containing electrolyte and compared to the previously proposed stress corrosion mech-
anisms under similar conditions.

Keywords: bulk amorphous alloys, corrosion fatigue, mechanical characterization, fracture, shear bands

INTRODUCTION

In the last decades, bulk metallic glasses (BMGs) have gained increasing attention due to their
outstanding mechanical properties, e.g., high fracture strengths, which are comparable not only to
those of high-strength steels but also high elastic limits and good corrosion resistance (Trexler and
Thadhani, 2010; Suryanarayana and Inoue, 2011). Especially Zr-based bulk glassy alloys combine
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additionally very good glass-forming ability with high hardness
and good wear resistance at the same time making them favorable
for various industrial applications like sporting goods, tools,
springs, and micro electromechanical systems (Ashby and Greer,
2006; Inoue and Takeuchi, 2011). However, their breakthrough as
structural materials has been missing so far due to their expensive
manufacturing costs, lack of plastic strains under mechanical
loading, and usually poor fatigue properties (Hess et al., 2006).
Also important for industrial applicability of Zr-based BMGs is
the knowledge of their corrosion resistance in various aqueous
environments because mechanical damage can be superimposed
by electrochemical processes resulting in environmentally
induced cracking phenomena.

The poor fatigue behavior of most BMGs in air depends highly
on prevailing loading conditions (Hess et al., 2006). Four-point
bending tests conducted at a load ratio of R = 0.1 revealed an
endurance limit that was defined as ratio between highest
endured stress amplitude o, and ultimate tensile stress cyrs, of
only 0.05 for Vitreloy 1 (Menzel and Dauskardt, 2006). In con-
trast, uniaxial compression-compression cyclic loading resulted
in a significantly increased resistance against crack initiation
and propagation (Hess et al., 2006). While Vitreloy 105 shows
probably the highest strength-normalized fatigue endurance of
~0.24 (Naleway et al., 2013), which is also comparable to some
high-strength steels, many attempts have been taken to improve
the fatigue performance of BMGs. For example, Launey et al.
(2009) developed glass matrix composites with microstructural
length scales of the second phase according with mechanical
crack length scales (Launey et al, 2009). A retarded growth
of small flaws acting as preferential crack initiation sites was
achieved, and subsequent failure by single shear band opening
could be impeded. Enlarging fatigue life is also considered to
be realized by surface modifications with a positive effect on
shear band formation. Unfortunately, in a previous study on
shot-peened Zr-based BMG samples, the fatigue life could not
be influenced decisively, but crack initiation was shifted to the
compressed subsurface region with multiple shear banding
(Kruzic, 2011). Usually, shear bands initiate at small surface
flaws serving as stress concentrators at an angle of ~50° to the
maximum normal stress axis according to the Mohr-Coulomb
criterion (Lund and Schuh, 2004; Vargonen et al., 2012). Crack
initiation takes place at these shear bands, cracks propagate along
them in mixed mode until a critical length is reached, and they
continue growing rapidly perpendicular to normal stresses under
mode I until failure. Fractographic analysis revealed three distinct
regions of the fracture surface: the crack initiation site, a region of
stable crack growth which is marked by fine striations, and a fast
fracture region with a vein-like morphology due to unstable crack
propagation (Hess et al., 2006). The fatigue striations were found
to result from alternating crack tip blunting and re-sharpening.
These mechanisms are influenced by numerous shear-banding
events in a plastic zone right in front of the crack tip providing
various shear planes for striated crack growth. Influencing these
shear banding mechanisms in front of the crack tip is supposed
to be beneficial to fatigue life properties of BMGs.

The effect of hydrogen on mechanical properties of Zr-based
BMGs has been widely reported, and the related mechanisms

are already well understood (Suh and Dauskardt, 2000, 2001;
Ismail et al., 2001; Gebert et al., 2002; Mattern and Gebert,
2003; Hasegawa et al., 2004; Wang et al., 2004; Shan et al., 2005;
Scully et al., 2007; Yoo et al., 2010; Li et al., 2013). Furthermore,
there are several investigations on their stress corrosion crack-
ing (SCC) behavior (Ritchie et al., 2000; Scully and Lucente,
2005; Scully et al.,, 2007; Nakai and Yoshioka, 2010; Kruzic,
2011; Gostin et al., 2015a). That is also highly relevant for many
technical applications, but loading conditions at slow strain
rates and static testing cannot represent real circumstances at
all. Numerous studies on the corrosion fatigue (CF) behavior
of fully amorphous Zr-based alloys have attempted to fill this
gap. Thereby, various experimental methods, e.g., loading con-
ditions, electrolytes, and electrochemical set-ups, were applied
and different alloy compositions were investigated aggravating
a systematic comparison of the results. Ritchie et al. (2000)
observed three orders of magnitude higher fatigue crack growth
rates of their glassy Zr41,Ti133Cu125Nii0Besss (Vitreloy 1) samples
in 0.5 M NaCl solution under free corrosion conditions com-
pared to those in air. This was attributed to a reduced protective
effect of the naturally forming oxide-based passive layer against
crack initiation and propagation due to the action of aggressive
chloride ions. Furthermore, the application of anodic potentials
was found to cause an increase of crack growth rates by several
orders of magnitude. Fundamental investigations on CF of the
same glassy alloy were provided by Schroeder et al. (1999) and
Schroeder and Ritchie (2006). They determined the threshold
value for fatigue crack initiation AKu to be 0.9 MPa\/ m in
aqueous solution instead of 3 MPa\/ m tested in air. In addition,
crack growth rates in the stable region revealed a proportional
dependence from the chloride concentration varying between
0.5, 0.05, and 0.005 M under open circuit testing conditions.
Nakai and Yoshioka (2010) observed a very similar fatigue
behavior for their ZrssCusNisAl, samples in comparable
experiments. The corrosion resistance and CF performance of
various Zr-based BMGs was investigated under free corrosion
conditions in 0.6 M NaCl solution by Wiest et al. (2010). They
supposed the low-pitting potentials of their testing alloys to
retard repassivation mechanisms at the extending crack tip
leading to low fatigue endurance limits in chloride-containing
media.

While the research on CF behavior of Zr-based BMGs,
which was presented before, focused on degrading effects of
halide-containing electrolytes on fatigue properties under open
circuit conditions, there were also several attempts to exploit
polarization processes to control fracture mechanisms during
cyclic loading. Cathodic and anodic potentials were applied by
Ritchie et al. (2000) during cyclic loading on fatigue pre-cracked
C(T) specimens of Zr;,T1135Cu125NijoBess (Vitreloy 1) in 0.5 M
NaCl solution. While they could not detect an influence of anodic
polarization on fatigue life, the cathodic potential eliminated high
crack growth rates. The CF study on bulk amorphous Vitreloy 105
in 0.6 M NaCl electrolyte conducted by Morrison et al. (2007a)
reverts to potentiodynamic conditions in the cathodic as well as in
the anodic regime. Thereby, a declining effect of anodic potentials
was observed in contrast to the enlarged fatigue life by cathodic
polarization. So, anodic dissolution processes were detected and
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suggested to be mainly degradable, but hydrogen embrittlement
was not relevant.

In our current work, further experiments on Vitreloy 105 in
0.01 M Na,SO, + 0.01 M NaCl solution are carried out to establish
a better understanding of anodic polarization-assisted fracture
under cyclic three-point bending conditions. This electrolyte
was chosen because the glassy Zr-based alloy exhibits in this
environment an appropriate ratio between the corrosion, pitting,
and repassivation potentials, which yields suitable time windows
for mechanical tests under potentiostatic control (Gostin et al.,
2015a,b). Three different load levels are tested at three variable
constant anodic potentials, and the fracture surfaces are system-
atically investigated concerning corrosion-related features that
give information about present fracture mechanisms. Additional
information is expected by energy dispersive X-ray (EDX) analy-
sis of the fracture surfaces after CF testing. Furthermore, our
current work serves as a continuation to Gostin’s fundamental
study on SCC of Vitreloy 105 under static-loading conditions
extending to cyclic loads in the same electrochemical environ-
ment and comparable anodic polarization conditions (Gostin
et al., 2015a). Finally, all results are summarized to a proposed
CF fracture model under anodic polarization at the end of the
manuscript.

MATERIALS AND METHODS

TheZr-basedbulkglassyalloy Vitreloy 105 (Zrs;5Cui79Ni146Al10Tis)
was prepared in a fully amorphous state as material for cyclic
three-point bending tests. The bar-shaped samples were cut from
suction cast plates that had been investigated in detail regarding
amorphousness and homogeneity with X-ray diffraction (XRD),
scanning electron microscopy (SEM, also for “scanning electron
microscope”), and differential scanning calorimetry. The results
are not presented here, but the current testing material was
produced from the same master alloy as the samples in Gostin
et al. (2015a), where the fully amorphous state was documented.
In several grinding steps with SiC paper from P320 to P4000 and
additional polishing with diamond suspension up to 0.25 pm,
a very smooth mirror-like surface state was obtained. The final
geometry of the bending specimens was 2 mm (height) X 2.5 mm
(width) X 27 mm (length). For applying the anodic potentials, a
copper wire with a diameter of 0.5 mm was fixed by a conductive
two-component adhesive at one end of the sample and isolated
with heat shrink tube.

All three-point bending fatigue experiments were carried out
in sinusoidal load control at room temperature (~22°C), a load
ratio of R = Gmin/Omax = 0.1, and a frequency of f=5 Hz on a
Schenck servo-hydraulic testing device. The distance between
the outer support rolls of the three-point bending mounting
was 20 mm and the rolls had 3 mm in diameter. All parts of the
mountings were manufactured of a high performance ceramic,
Al Os, to ensure corrosion resistance and electric isolation during
electrochemical testing. The polarization tests and measurements
of the open circuit potential (OCP) were conducted with a PAR
VersaSTAT4 electrochemical interface. The electrochemical
cell, which is presented in Figure 1, consisted of the bar-shaped
sample as working electrode, a fine platinum mesh as counter

FIGURE 1 | Set-up of the electrochemical cell for corrosion fatigue
experiments, including the sample (1) as working electrode, a fine
platinum mesh (2) as counter electrode, an agar salt bridge (3)
connected to the saturated calomel electrode reference electrode
and an acrylic glass container (4) filled with 0.01 M Na,SO, + 0.01 M
NaCl.

electrode and a [saturated calomel electrode (SCE), E = 0.241 V
vs. standard hydrogen electrode] as reference. All potential values
in this work are referred to this reference electrode. The connec-
tion between the electrochemical cell and the reference electrode
was achieved by an agar salt bridge-containing 1 M KCl solution
for high charge transport.

At first, three different stress amplitudes [6. = (Cmax—Cmin)/
2=200,400,and 600 MPa] for fatigue testing in corrosive medium
were determined by reference tests in air. Afterward, a series of
cyclic tests at free corrosion conditions with in situ measurements
of the OCP was carried out. Furthermore, three diverse anodic
potentials (=50, 0, and +50 mV vs. SCE) were chosen from
potentiodynamic polarization curves determined for Vitreloy 105
in our testing electrolyte 0.01 M Na,SO4 4 0.01 M NaCl. These
potential values are the same as those selected for our previous
SCC experiments, and they are in the interval between Er and
Ep, where pitting corrosion is expected (Gostin et al., 2015a). For
each combination of load level and applied anodic potential, three
different samples were tested. Each sample was tested until either
fracture occurred, or the runout limit of 107 loading cycles was
reached. A comprehensive fractographic analysis of the tested
samples as well as an investigation of the elemental distribution
on the fracture surface by EDX was finally conducted.

RESULTS AND DISCUSSION

Cyclic Bending Behavior in Air

In order to select three load levels for CF tests, the S-N curve
Of the bulk glassy Zl’sz,sclh7,9A110Ni14A6Ti5 alloy ‘was determined in
air (Figure 2). The black trend line characterizes the fatigue life
of the tested Vitreloy 105 samples, and horizontal arrows denote
runouts that endured more than 107 load cycles. It should be
noted that the real fatigue strength of Vitreloy 105 was determined
at 6, = 315 MPa. When assuming an ultimate tensile strength
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FIGURE 2 | Determination of load levels for corrosion fatigue testing
on Vitreloy 105; cyclic three-point bending tests were conducted in
air at R = 0.1 and f = 50 Hz. explained by a varying sample quality. Fracture can be influenced

of curs = 1,700 MPa [only determined for Vitreloy 105 under
four-point bending conditions (Morrison et al., 2007b)], thereis a
normalized fatigue limit of 6./6urs = 0.19. The load levels for later
CF tests were chosen in order to cover an interval of number of
cycles to fracture as wide as possible.

Therefore, the lowest stress amplitude was selected as
0. = 200 MPa, thus significantly below the fatigue endurance
limit and leading invariably to runouts, suggesting an observable
effect of corrosion or corrosion—fatigue interactions in CF experi-
ments. Stress amplitudes of 6, = 400 MPa and 6, = 600 MPa with
10* +2 x 10*and 4 X 10° + 5 X 10° cycles to fracture, respectively,
were also chosen.

Fractographic analysis of samples fractured in air revealed
characteristic features of Zr-based BMG fracture surfaces as also
detected in Hess etal. (2006) and Morrison et al. (2007b). Figure 3
shows a representative fracture surface of the three-point bend-
ing fatigue samples. Cracks were found to initiate at the tensile
stressed surface, especially at sample edges starting from small
surface defects or sometimes at near-surface micropores that act
as supplementary stress concentrators (not shown here). Stable
crack growth occurred in the quarter-elliptic fatigue region that
is characterized by fine striations (see red inset in Figure 3) that
result from stepwise crack propagation along small shear bands
arising in the plastic zone in front of the crack tip. However, crack
propagation could not be correlated directly to striation spacing,
which suggests that there is an accumulation of damage over sev-
eral loading cycles as also reported by Liu et al. (2015). The area
of fatigue crack growth covered between 6 and 35% of the whole
fracture surface in the present study. After passing a sharp transi-
tion region, the crack propagates much faster until final fracture
occurs. The resulting fast fracture region has a characteristic
vein-like morphology, which is commonly observed in BMGs.

The large scatter in fatigue lifetimes during cyclic bending
tests in air, mainly visible around the 6. = 400 MPa load level, is

by micropores with sizes up to 50 pm as well as by other material
imperfections (e.g., unmolten particles). The formation of such
defects during the suction casting process could not be avoided
completely. Both features led to a shifting of the crack initiation
site from the tensile-stressed surface to inner regions in some
cases, and this could also be detected on the fracture surface.

Crack Growth Analysis by OCP

Measurement

A previous work referred to the detection of the early stages of
fracture/shear banding during quasi-static three-point bending
of bulk glassy Zrs,sCui79NiwsAleTis alloy samples by exploiting
the high sensitivity of the OCP to surface changes for passivated
surfaces (Grell et al., 2015). In our current study, such an OCP
measurement was conducted under cyclic loading conditions to
gain further information about the crack initiation point and the
crack propagation mechanisms. Figure 4A shows one exemplary
curve of the OCP signal plotted vs. the number of loading cycles.
The sample was tested in 0.01 M Na,SO, + 0.01 M NaCl under
open circuit conditions at a stress amplitude of 6, = 541 MPa.
The fatigue life in electrolyte was similar to the one in air. This
indicates that the electrolyte has a minimal influence on the crack
propagation, and new bare metal surface created with each cycle
passivates effectively. This is in agreement with the electrochemi-
cal behavior of this alloy, which has an OCP value below both its
pitting and repassivation potential.

Before mechanical testing was started, the bending samples
have been immersed in 0.01 M Na,SO, +0.01 M NaCl solution for
45-60 min until the changes in OCP were less than 2 mV/5 min.
According to that, OCP was in a steady state (mean value from all
tests ~165 mV vs. SCE) when the first loading cycle was applied.
Since the mechanical pre-load to ensure exact positioning of the
samples in the three-point mounting was set to only ~50% of the
maximum stress prior to cyclic loading, there was a significant
drop in OCP from —74 &+ 5 mV vs. SCE to —445 + 5 mV vs. SCE
when the test started, and the maximum load was achieved for the
first time. This effect is caused by a sudden stretching of the passive
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FIGURE 4 | (A) Crack initiation and propagation correlated to an in situ OCP measurement during cyclic three-point bending at 6. = 541 MPa and (B) detailed view
of the earliest stage of crack initiation (black dashed box).

layer as a consequence of extended flexure on the tensile loaded
surface. Subsequently, repassivation started and there is a slight
but steady increase visible in the OCP curve. Because of the high
sensitivity of the electrochemical set-up and as a result of small
vibrations in the corrosion cell during cyclic loading, there is a lit-
tle deviation in OCP until a significant plateau at —450 + 10 mV
is reached (see red dotted line in Figure 4A). Our results are
also in good agreement with the observations of Morrison et al.
(2007a) as the plateau levels are supposed to depend on the load-
ing level. Cyclic testing at 6, = 400 MPa led to a steady OCP
value of =300 + 10 mV vs. SCE, while testing at 6, = 650 MPa
generated an OCP value of —500 + 10 mV vs. SCE. However,
the first deviation from the stable plateau in terms of a smooth
drop of the OCP is detected after 2,840 + 10 loading cycles (see
Figure 4B) for the presented sample. This drop indicates the earli-
est stage of crack initiation at the tensile-stressed sample surface.
It can be assumed that the OCP changes immediately since in the
crack region the bare metal surface is exposed to the electrolyte.
A continuous decrease in OCP characterizes the following stable
crack growth section (Figure 4A, marked in blue), which can be
correlated to stable fatigue crack propagation detected by fine
striations on the fracture surface. Further small drops in OCP are
supposed to be related to locally increased crack growth velocity
before crack tip blunting delays crack propagation. The OCP
signal decreases until sample fracture after 4,530 + 10 cycles,
and therefore, the section of stable crack growth is suggested to
be (4,530—2,840)/4,530 =~ 37 + 1% of the whole fatigue life. An
additional analysis of the equivalent fracture surface (not shown
here) reveals a fatigue crack region of 0.53 mm? delivering a
fraction of only 11 + 1% with respect to the total cross section
of 4.76 mm?. Furthermore, the rate of decrease (or the slope) of
the OCP curve increases uniformly as expected in accordance
with increasing crack growth velocity. As the stable crack growth
regime determined by the OCP analysis is significantly larger
than the fatigue fraction at the fracture surface, we suppose that
the highly sensitive electrochemical response also considers early

pre-damage stages of the passive film before active cracking sets
in. Shear banding mechanisms prior to crack initiation might be
a reasonable assumption, but there have to be carried out more
detailed investigations for evaluation. Nevertheless, crack propa-
gation analysis by measurement of the OCP is considered to be
an appropriate method providing reliable results.

CF Tests under Anodic Polarization

As we have seen in the previous section, at open circuit condi-
tions, no clear CF phenomena take place, and this was explained
by the effective passivation of the crack tip and crack walls as OCP
is below the repassivation potential. Therefore, in another set of
experiments, a potential above the repassivation one was applied
to the sample. The bar-shaped specimens have been immersed in
0.01 M Na,SO; + 0.01 M NaCl solution, and OCP was recorded
until it reached a stable value (mean value from all tests ~165 mV
vs. SCE). Afterward, the anodic potential was applied. During the
whole test, the responding current density was recorded to gather
further information about crack initiation and crack propagation
mechanisms as already shown for quasi-static bending in a previ-
ous study (Grell et al., 2015). Figure 5 shows an exemplary curve
for a fatigue sample tested at an anodic potential of —50 mV vs.
SCE at a stress amplitude of 6, = 585 MPa. Current density is
plotted against the number of loading cycles.

When applying a potential of =50 mV vs. SCE, the current
density establishes at a nearly constant value slightly above
0 pAcm™ due to almost equal cathodic and anodic currents as
expected in a regime so close to the corrosion potential. This
steady state was achieved after ~200 s, and mechanical loading
was started subsequently. Due to the onset of cyclic loading,
the current density shows a sharp peak (see Figure 5) and this
is attributed to the stretching of the passive layer as described
for the OCP measurements in Section “Crack Growth Analysis
by OCP Measurement” above. This is followed by a continuous
decrease until a second plateau is attained at ~0.2 pA cm™.
The current density remains at a nearly constant level, which is
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slightly above the value in the mechanically unloaded regime
because the passive film is constantly altered by the cyclic stress.
Since the scatter in the current density curve is very small, the
point of passive film breakdown can be detected quite exactly
after 4,880 + 10 loading cycles. Thereby, the fatigue crack initiates
at the tensile stressed sample surface and breaks the passive layer
locally. Then, the current response starts to increase steadily as a
result of stable crack propagation and related local metal dissolu-
tion. Several sudden current drops occur and these phenomena
may be related to variations in the crack growth rate and short-
term delay of crack propagation. Shear banding processes in the
plastic zone in front of the crack tip are expected to cause crack
tip blunting, and multiple shear bands can lead to changes of the
crack path until the sample finally failed after 6,885 + 10 loading
cycles. Such a delayed crack growth was also detected for bainitic
and martensitic steels by Suresh et al. (1981). They observed the
generation of oxide films within the crack during mechanical
testing at low loading ratios (R = 0.05) in moist atmospheres. In
case of small crack tip opening displacements that are present
especially at early fatigue fracture stages, these oxide layerslead to
an earlier contact between both crack surfaces. As a consequence,
the authors suggested a raise in the critical stress intensity factor
K. and a reduced effective AK in the crack tip region. Due to
comparable testing conditions, a similar mechanism could be
supposed in our current investigation on Zr-based bulk metallic
glass. However, oxidization processes within the propagat-
ing crack as a result of repassivation events should be clearly
detectable by drops in the current response (see stable crack
growth regime in Figure 5). The fraction of stable fatigue crack
propagation related to the number of cycles to failure is 29 + 1%
and thus ~21.6% lower than the fraction determined at compa-
rable stresses by in situ OCP analysis in Section “Crack Growth
Analysis by OCP Measurement.” However, it should be noted that
fatigue life could be extended by more than 50% due to anodic

polarization at —50 mV vs. SCE. The responsible mechanisms
will be discussed later in the text.

An additional analysis of the fracture surface was conducted
to gain further information about the damage mechanisms.
As already shown in Section “Crack Growth Analysis by OCP
Measurement” for the sample tested under open circuit condi-
tions, the area of the (corrosion) fatigue region was measured and
examined in relation to the total cross section of the bar-shaped
specimen. The microscopically determined area ratio for the
anodically polarized sample from Figure 5 was determined to be
only 10 + 1% and hence, significantly lower than the calculated
fraction of 29 + 1%, which was determined by the in situ current
density measurement. This observation is in good accordance
with the crack propagation analysis by OCP in Section “Crack
Growth Analysis by OCP Measurement” and has to be related to
supplementary damage mechanisms, e.g., shear banding, prior
to crack initiation. The supposed mechanisms will be discussed
later on the basis of scanning electron microscope (SEM)
investigations.

Further tests at anodic potentials of 0 mV vs. SCE and +50 mV
vs. SCE were conducted under cyclic three-point bending condi-
tions, i.e., at higher potentials that are still in the E—Ex regime
(Gostinetal., 2015a). In that context, the present research focusses
on the interaction between mechanically and electrochemically
induced fractures. Figure 6 exhibits the results of CF testing in
0.01 M Na,SO;4 + 0.01 M NaCl. Thereby, three comparable tests
were conducted for every anodic potential and stress amplitude
in case of sample fracture or until two runouts (marked by hori-
zontal arrows) were achieved. The dotted lines characterize only
the trend of fatigue lives for the different testing conditions and
are not very representative because of the restricted number of
specimens and the low runout limit of 10° loading cycles.

The results in Figure 6 reveal a distinct influence of the stress
level as well as of the applied anodic potential on the fatigue life
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of Vitreloy 105 and should be discussed in correlation with the
fatigue behavior in air (see S-N curve in Figure 2). Although all
three selected potentials are located in the anodic regime enabling
pitting corrosion [all three potentials are higher than the repas-
sivation potential, i.e., mean value—99 mV vs. SCE, SD 28 mV
(Gostin et al., 2015a)], there seems to be a lifetime extending
effect of the most negative potential, i.e., =50 mV vs. SCE, and
an obviously degrading effect of 0 mV vs. SCE and +50 mV vs.
SCE, which are closer to the critical pitting potential Ep (Gostin
et al., 2015a) compared to the results of the samples tested in air.
The fine grading of the chosen potentials offers a much more
explicit view on the electrochemical influence of fatigue life than
the research of Morrison et al. (2007a) who distinguished only
between anodic polarization at 100 mV vs. SCE and cathodic
polarization at —900 mV vs. SCE in aqueous 0.6 M NaCl solu-
tion. Their research also detected an environmental degradation
mechanism only at anodic potentials and concluded that anodic
dissolution is responsible for the negative effect. That assumption
is in good accordance with the results of our recent CF reference
tests in halide-free 0.01 M Na,SO, solution, where no negative
effect on fatigue life could be detected. So, we consider the
increased pitting propensity in presence of chloride ions to be
the driving force during crack propagation.

Our results reveal a mean number of cycles to failure of
18,290 + 10 in air, 375 + 10 cycles at +50 mV vs. SCE, 1,234 + 10
cycles at 0 mV vs. SCE, and two runouts for —50 mV vs. SCE (all
tests around 6, = 400 MPa). Therefore, a superimposed effect of
both anodic dissolution and repassivation processes at the crack
tip is suggested to influence CF behavior of Vitreloy 105 essentially
with the predominant effect depending on the selected anodic
potential. Consequently, —50 mV vs. SCE is slightly more noble
than the repassivation potential Er = —99 mV vs. SCE meaning
a lower tendency to anodic dissolution and increased repassiva-
tion tendency preventing the sample from fracture within 10°
loading cycles. The fact that even longer fatigue lifetimes than
in air were detected at =50 mV vs. SCE could be explained by an
oxide-induced crack closure, which was already described above
(Suresh et al., 1981). Whereas, anodic polarization at +50 mV
vs. SCE is passing closer to the pitting potential of Ep = 297 mV
vs. SCE and reinforces the creation of corrosion pits and anodic
dissolution. An anodic potential of 0 mV vs. SCE seems to have

also a degrading effect on the fatigue life at 6, = 400 MPa as it
reduces the number of cycles to failure to 6.7% compared to
samples tested in air. The Er and Ep values are adopted from our
previous paper on SCC of Vitreloy 105 in the same chloride-
containing electrolyte (Gostin et al., 2015a). At an elevated load
level of 6, = 600 MPa for the —50 mV vs. SCE polarized samples,
the fatigue lifetime is 15,110 + 10 cycles (average value), which is
five times longer than in air. However, the mean fatigue lifetime in
non-halide 0.01 Na,SO; solution under open circuit conditions is
2,560 =+ 10 cycles and, therefore, slightly below the fatigue life in
air. Consequently, the applied potential of =50 mV vs. SCE seems
to have a further beneficial effect on the forming of the presumed
oxide layer within the crack. At 6. = 200 MPa, all non-polarized
samples passed the limit of 10° cycles while anodic polarization
at +50 mV vs. SCE caused failure after 1,380 + 10 cycles due
to intense anodic dissolution processes. The damage-provoking
mechanisms are suspected to be mechanically as well as corrosion
driven. This should be clarified by a comprehensive SEM analysis
with additional EDX in the following part of the manuscript.

Fractographic Analysis

Besides the bending fatigue samples tested in air, which showed
the characteristic features on their fracture surfaces (see Figure 3),
the polarized samples have also been investigated by SEM. The
observed fractographic characteristics are presented exemplarily
in Figure 7 on a CF sample tested at 6, = 388 MPa and an anodic
potential of 0 mV vs. SCE.

The main features are comparable to those observed for the
non-polarized samples indicating a clear crack initiation site, a
presumably quarter-elliptic (corrosion) fatigue region, and a large
fast fracture area with significant cleavage near to the left and
right sample edges. Especially the tensile stressed surface areas
in the upper left of Figure 7 exhibit intense pitting corrosion in
terms of dark areas near the sample surface (marked by white
dotted box). The pits which are detected as dark areas can reach
up to ~150 pm into the sample. While the fast fracture region
is characterized by the typical vein-like morphology (not shown
here in higher magnification), the CF striations appear much
broader than the striations generated under open circuit condi-
tions or in air. The red inset in Figure 7 gives a representative and
more detailed image of typical CF striations. Alternating smooth

< intense pitting

FIGURE 7 | Fracture surface of a corrosion fatigue (CF) sample tested at an anodic potential of 0 mV, ¢, = 388 MPa, and N; = 2,616, in 0.01 M
Na.SO, + 0.01 M NaCl (tensile loaded surface is at the top, detailed view of striated corrosion fatigue region showed in red inset).
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dark regions and brighter areas with vein-like structures offer
interesting information about the related CF fracture mecha-
nisms. The striation spacing increases from the crack initiation
site to the fast fracture transition area. In consequence of these
observations, there are two possible mechanisms suggested that
are interfering with each other during anodic polarization and
simultaneous cyclic loading. The smooth areas of the broad stri-
ated CF region may result from anodic dissolution and related
cleavage along shear bands while the vein-like morphology might
be caused by abrupt fast fracture. Besides the samples tested at
0 mV vs. SCE also those tested at +50 mV vs. SCE revealed those
broader striations than in air consisting of alternating smooth
and vein-like areas. In contrast, an anodic polarization at =50 mV
vs. SCE led to fracture surfaces comparable to those in air with a
lack of these broad striations. A subsequent investigation of the
elemental distribution could contribute to the clarification of the
involved processes (later in the text).

The pitting corrosion behavior of Zr-based BMGs in chloride-
containing solutions has been widely investigated and is well
understood so far (Mudali et al., 2004; Gebert et al., 2010, 2012;
Gostin et al., 2015b). As already shown in Figure 7, cracks start
preferentially at corrosion pits on the tensile loaded surface.
Therefore, the sample surface of a polarized sample (+50 mV
vs. SCE) was analyzed by EDX after fracture. One characteristic
corrosion pit which was located near to the fracture surface is
presented in Figure 8 (left). Since the polished sample surface
showed no visible imperfections before mechanical testing,
there was an initial breakdown of the brittle passive film as a
consequence of the continuous flexural stresses and a small
generated slip step. At this site, chloride-induced pitting might
be favored. This assumption is supported by Gebert et al. (2012)
who investigated the influence of mechanically generated defects
on corrosion behavior of ZrsTi;CuxAlGNis alloy in aqueous
chloride-containing solutions. Their work reveals that shear
banding takes place preferentially at corrosion pits, and con-
versely pitting is more likely at shear bands. In our case, there is

bare metal exposed to the chloride-containing electrolyte when
sudden rupture of the passive layer occurs. Furthermore, the start
of cracking and the resulting increase in current response was
in good accordance with a starting increase of the mechanical
displacement, which was recorded during cyclic testing (not
shown here). At an applied anodic potential of +50 mV vs.
SCE that was supposed to reinforce anodic dissolution, the less
noble components of Vitreloy 105, i.e., mainly Al and Zr, start
dissolving immediately due to an auto-catalytic reaction with
chloride anions as reported by Mudali et al. (2004). The elemental
distribution of the corrosion pit in Figure 8 (left) shows not only
a slight depletion of Zr in the central ground of the pit but also
some enrichment of this component at the inner rim. In contrast,
there is a significant enrichment in Cu and Ni at the bottom of
the pit that is also in good accordance with the observations in
Mudali et al. (2004) because they attributed the local dissolution
and immediate re-deposit of copper to the generation of the
porous structure.

The onset of anodic dissolution could be determined easily
during CF testing under potentiostatic control. Characteristic
corrosion products developed at the crack tip and spread out
quickly. After the experiment, it was possible to gather the
dissolved material in form of fine powder at the bottom of the
electrochemical cell and to extract it from the residual electrolyte.
This powder was investigated by EDX as well, and the results are
shown in Figure 8 (right). As expected, it consists basically of
Zr and O while only traces of Cu could be detected. However,
the fraction of Al seems to be smaller than expected due to the
results from the corrosion pit, but this element could be detected
poorly overall.

CF Cracking Model

All results from this study were summarized to establish the
following model for CF cracking of bulk amorphous Vitreloy
105 under anodic polarization conditions. Since the damage
mechanisms are still not completely understood in detail, the

from the electrolyte as powder after testing (right).

FIGURE 8 | Energy dispersive X-ray analysis of a corrosion pit at the side surface of the bending sample (left) and of the dissolved material extracted

Frontiers in Materials | www.frontiersin.org

January 2017 | Volume 3 | Article 60


http://www.frontiersin.org/Materials/
http://www.frontiersin.org
http://www.frontiersin.org/Materials/archive

Grell et al.

Corrosion Fatigue Studies on BMG

proposed model should offer a first approach as a basis for fur-
ther studies on CF of BMGs. Though the model can be accounted
in analogy to the previously published work on SCC by Gostin
etal. (2015a).

(1) Corrosion pits nucleate at the tensile loaded surface, prefer-
entially at local breakdown sites of the passive layer, which
is formed mainly by Zr- and Al-oxide or rarely at small
surface defects, e.g., scratches or micropores. Furthermore,
pits tend to initiate randomly along the sample edges acting
as stress concentrators.

(2) Corrosion pits grow due to anodic dissolution of the less
noble components of the alloy (mainly Zr and Al) until the
critical pit size for crack initiation is achieved and CF crack-
ing starts.

(3) Shear bands initiate in front of the crack tip leading to a
reduced stress concentration and delayed but step-wise
crack propagation.

(4) Anodic dissolution takes place preferentially at the shear
bands as described in Gebert et al. (2012) and cleavage is
enforced. The resulting areas on the fracture surface are
smooth, and EDX analysis revealed Zr (and Al) depletion
indicating a dissolution-related mechanism.

(5) Due to the increased crack length, there is a higher stress
intensity at the crack tip that simplifies shear band initiation
again and causes short-time crack propagation. Thereby, the
vein-like structures are formed until crack propagation is
stopped by further anodic dissolution along the shear band.

(6) The described process repeats several times until the criti-
cal stress intensity is attained because of the continuously
increased crack length. The stepwise crack propagation
leads to the characteristic broad striated fracture surface in
the regime of stable crack growth.

According to the applied potential, repassivation processes
seem to play also an important role in delaying fracture. Anodic
polarization at =50 mV vs. SCE [that is near the repassivation
potential Er = —99 mV vs. SCE for the given alloy/electrolyte sys-
tem (Gostin et al., 2015a)] is suggested to support repassivation
processes at the crack tip and thus to impede anodic dissolution
at the same time. Furthermore, there is a possible mechanisms
based on oxide-induced crack closure that was determined in a
study on steels (Suresh et al., 1981). They observed the generation
of oxide films within the crack during mechanical testing at low
loading ratios (R = 0.05) in moist atmospheres. In case of small
crack tip opening displacements, which are present especially at
early fatigue fracture stages, these oxide layers lead to an earlier
contact between both crack surfaces. As a consequence, the
authors suggested a raise in the critical stress intensity factor K.
and a reduced effective AK in the crack tip region. This might
also explain the increased fatigue life and delayed cracking in our
experiments in electrolyte compared to the results obtained in air.
In any case, it should be noted that both mechanisms, crack re-
sharpening by anodic dissolution, and crack tip blunting by shear
banding, contribute to crack propagation in CF testing. While
samples being anodically polarized at —50 mV vs. SCE exhibit
significantly improved fatigue properties, anodic polarization at

0 mV vs. SCE and +50 mV vs. SCE leads to a dramatic reduction
in fatigue lifetime of Vitreloy 105.

CONCLUSION

The cyclic three-point bending properties of a bulk glassy alloy,
i.e., Zrs;sCuiz9AloNiweTis (Vitreloy 105), were investigated in
air, at open circuit conditions, and under anodic potentiostatic
control. Three potential values between the repassivation and the
pitting potential in 0.01 M Na,SO, + 0.01 M NaCl solution were
chosen. The following conclusions were drawn:

1. The S-N curve was determined under cyclic three-point
bending conditions at R = 0.1 in air, and the highest fatigue
endurable stress amplitude is 6, = 315 MPa;

2. Crack initiation and the region of stable crack growth can be
correlated to the current response at anodic potentiostatic
control and to OCP under free corrosion conditions;

3. Pitting takes place only at anodic potentials of 0 mV vs. SCE
and +50 mV vs. SCE and the pits form preferentially at sample
edges, but randomly along any of the edges;

4. The pits reveal a slight depletion of Zr and Al as well as an
enrichment of Cu and Ni in the central ground;

5. Fatigue life is extended about five times at an anodic poten-
tial of =50 mV vs. SCE, which is close to the repassivation
potential Ex of Vitreloy 105 in 0.01 M Na,SO, + 0.01 M NaCl
solution, compared to the fatigue life in air;

6. Anodic dissolution-related crack propagation with significant
alternating smooth and vein-like fracture features (resulting
in broad striations) are only detectable at 0 mV vs. SCE and
+50 mV vs. SCE.

A mechanism for CF cracking is proposed, but there is still a
lack of detailed information about the crack initiation and crack
propagation processes, so that further investigations on this
topic should contribute to a comprehensive understanding in the
future.
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