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Abstract

The roles of free volume and residual stress in affecting the fracture and fatigue behavior of a Zr4yTi;;Ni;(Cu;oBe,s bulk metallic glass
are examined. Different residual stress and free volume states were achieved by annealing below the glass transition temperature. When
residual stresses from casting were relieved by annealing, there was an associated decrease in both the fracture toughness and fatigue
threshold. Longer and higher temperature annealing resulted in free volume reductions due to structural relaxation that were quantified
by enthalpy recovery measurements. Structural relaxation shows a pronounced effect in reducing the fracture toughness and improving
the fatigue limit by affecting fatigue crack initiation. However, free volume reduction did not show any influence on the fatigue crack-
growth rates or thresholds. This latter effect is attributed to the fact that the large strains at the fatigue crack tip cause a local increase in
free volume that appears to dominate the local flow properties, making the initial free volume state irrelevant. The increased free volume
associated with this fatigue transformation zone was verified by depth-profiled positron annihilation spectroscopy conducted on the fati-
gue fracture surfaces. Finally, controlling free volume and residual stresses appears to be a viable way to tailor the fracture and fatigue

properties of bulk metallic glasses for given applications.

© 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Bulk metallic glasses (BMGs) have many attractive
properties for structural applications, including high spe-
cific and near theoretical strength combined with reason-
ably high fracture toughness, good corrosion resistance,
low damping, large elastic strain limits, and the ability to
precisely net-shape into complex geometries [1,2]. One
property which has been perceived as a limitation for these
materials has been poor fatigue resistance relative to tradi-
tional crystalline metallic materials [3,4]; however, not all
studies to date have been in agreement on this point, e.g.
see Refs. [5-8]. For the most-studied BMG known as
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Vitreloy ™ (Zr41A25Ti13_75Ni10CU12A5B622A5),2 reported 107
cycle fatigue strengths vary by a factor of seven [3,7,9],
and fatigue thresholds by a factor of three [3], with the lat-
ter variation within a single study. While some of the
reported scatter may be explained by different testing con-
figurations [10], this does not account for all the observed
variations, e.g., those in [3,9]. It should be noted, however,
that potential effects on the fatigue behavior due to residual
stresses or free volume variations have been ignored in
most fatigue studies on BMGs [3-8].

Residual compressive stresses up to several hundred
MPa can form on the surface of BMGs during the casting
process [11,12]. Such residual stresses will superimpose on
any applied stresses, potentially affecting the fracture and
fatigue behavior. Additionally, the free volume is known
to be an important factor in determining the mechanical

2 All compositions are given in terms of at.%.

1359-6454/$30.00 © 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat.2007.10.007


mailto:jamie.kruzic@oregonstate.edu

M.E. Launey et al. | Acta Materialia 56 (2008) 500-510 501

properties of BMGs [13-20], a point which has only
recently been considered when comparing the fatigue
behavior of as-cast amorphous alloys in the absence of
hydrogen embrittlement [9]. The deformation of metallic
glasses requires the existence of free volume, i.e., extra vol-
ume relative to a fully dense glass that is frozen into the
atomic structure and allows physical space for atomic
movement under mechanical loading [13-15]. Since free
volume is needed to allow metallic glasses to deform, a
reduction in free volume hinders plastic deformation [13—
15]. This reduced flow ability results in lower fracture
toughness [9,17-20] and longer fatigue lives [9]. The latter
result implies that either the fatigue crack initiation or
growth portions of the fatigue lifetime (or both) must
increase as free volume decreases. Accordingly, this paper
investigates the effects of residual stresses and free volume
variations on the fracture and fatigue behavior of a
Zr44Ti1N1;gCu 9Beys bulk metallic glass, with specific
attention paid to separating the effects on fatigue crack ini-
tiation and growth and, when possible, understanding the
specific mechanisms involved.

2. Free volume and structural relaxation

Free volume differences may exist in nominally identical
metallic glasses in the as-processed state due to differences
in their processing conditions. Slower cooling rates result in
less free volume [21], and such differences have been
detected using differential scanning calorimetry (DSC)
and positron annihilation spectroscopy (PAS) measure-
ments [9,21]. Additionally, a reduction in free volume can
be achieved via structural relaxation by annealing at a tem-
perature below the glass transition temperature [22,23]. It
has been shown that annealing below T, results in a loss
of ductility of conventional metallic glasses [24] and several
mechanisms have been proposed, including the formation
of a brittle phase, phase separation, or overall densification
[16,25].

Characterization of free volume variations is paramount
if one wants to understand mechanical properties of metal-
lic glasses such as fracture and fatigue. With PAS it is pos-
sible to gain insight into changes in the size and/or
concentration of open volume regions, for example those
associated with plastic deformation [26-29]. Although,
PAS provides information about the distribution of free
volume at the nano-scale, it is currently not possible to
make quantitative measurements. Conversely, DSC has
been used to characterize free volume changes in metallic
glasses after structural relaxation, with several efforts
focused on quantifying free volume differences [30-35].

3. Experimental methods
3.1. Materials and sample preparation

Experiments were performed on as-cast plates (2.3 mm
thick, 85.0x40.0 mm) of fully amorphous ZrgyTi;Nijq-

Cu,oBe,s, produced and supplied by Liquidmetal® Tech-
nologies (Lake Forest, CA). This BMG was chosen
because it does not demonstrate phase separation in the
supercooled liquid state [36], thus allowing sub-T;, anneal-
ing without risk of phase separation and reduced risk of
nanocrystallization. Compact tension, C(T), and bend
beam specimens were machined from the plates before
any subsequent annealing.

Annealing temperature and times were carefully chosen
based on the time-temperature—transformation (TTT) dia-
gram for ZrysTi;;NijgCu;oBers [37] so that no crystalliza-
tion would occur. For isothermal structural relaxation,
annealing times were integral numbers of the relaxation
time, 7. The magnitude of structural relaxation can be calo-
rimetrically observed in the temperature interval, AT,
which is defined as the temperature range between the onset
and the end of the endothermic glass transition event. For a
constant heating rate DSC experiment, t can be described as
T = AT, /R, (1)
where R is the heating rate. The onset value of T, at each
heating rate is the temperature that corresponds to each
value in the Vogel-Fulcher—-Tamman (VFT) relation
T =Ty - eXp (l;_ ;:), (2)
where D™ is the fragility parameter and T} is the VFT tem-
perature, defined as the temperature at which t — oo. 7¢ is
the value of the relaxation time in the limit as 1/7— 0 and
is very similar for all Zr-based bulk metallic glasses,
~2.5% 1073 5 [38]. D* and T, were found to be 31.6 and
321 K, respectively [35]. An annealing temperature of
610 K was chosen because of the reasonable relaxation
time at this temperature (at 610 K, t =438 s), and isother-
mal relaxation experiments were done for 1t and 10t with
the temperature carefully monitored using a calibrated
thermocouple placed on the samples. For 10z, the samples
were assumed to be essentially fully relaxed and in a state
close to the metastable equilibrium of the supercooled
liquid when observed on a long time scale [22].

For some specimens, a stress-relieving anneal was per-
formed at 573 K for 2 min. The purpose of this heat-treat-
ment was to relieve residual compressive stresses at the
surface due to thermal tempering during processing. At
573 K, the structural relaxation time is long enough
(t ~ 21 h) so the material did not have time to relax. After
annealing, enthalpy recovery experiments [35] were per-
formed for all specimens in a differential scanning calorim-
eter (DSC) at heating rate of 0.1 Ks™' in argon
atmosphere (Perkin—Elmer Diamond DSC). The specimens
were confirmed to be fully amorphous by high-resolution
transmission electron microscopy [35].

3.2. Fracture toughness and fatigue crack growth rate
measurements

Fracture toughness and fatigue crack growth experi-
ments were performed on as-received, stress-relieved
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(SR), 1t and 10t specimens in room air on 2.3 mm thick,
254 mm wide, C(T) specimens which satisfy the plane
strain and small scale yielding requirements from ASTM
standard E399 [39]. Prior to annealing, all samples were
polished to a 0.05 pum surface finish on both faces and fati-
gue pre-cracked. Fatigue cycling was done using a com-
puter-controlled, servo-hydraulic —mechanical testing
machine with a frequency, v, of 25 Hz (sine wave) and a
constant load ratio (ratio of minimum to maximum load,
R = Poin/Pmax) of 0.1. Fatigue crack growth rates,
da/dN, were measured as a function of the applied stress
intensity range, AK = K.x — Kmnin, In general accordance
with ASTM standard E647 [40], where K ,.x and K;, are
the maximum and minimum stress intensity experienced
during the loading cycle. To measure the fatigue thresh-
olds, AKty, samples were cycled in stress intensity control
with a decreasing stress-intensity range (K-gradient, dAK/
da/AK = —0.08 mm ') until the measured growth rates
approached ~107'°m cycle™'. Higher crack growth rates
were measured using a constant stress range, Ag. Crack
lengths were continuously monitored using unloading elas-
tic compliance measurements from a 120 Q strain gauge
attached to the back face of the specimen, with crack
lengths computed using the appropriate calibrations for
the C(T) specimen [41].

Following growth-rate measurements, plane strain frac-
ture toughness values were determined by monotonically
loading the fatigue precracked specimens to failure with a
displacement rate of 20 um s~ ! in general accordance with
ASTM standard E399. After fracture and fatigue experi-
ments, the fracture surfaces of the specimens were analyzed
using scanning electron microscopy (SEM).

3.3. Stress-life and fatigue crack initiation experiments

Fatigue life (S—N) curves were measured for both the SR
and 10t samples by cycling 2.3 x 2.0 x 85.0 mm rectangular
beams in four-point bending with an inner span, S;, and
outer span, S, of 30 mm and 60 mm, respectively, using
a computer-controlled electromagnetic testing machine.
The corners of the beams were slightly rounded to reduce
stress concentration along the beam edges and they were
polished to a 0.05 pm finish on the tensile surface prior
to annealing. Testing was conducted in room air under
load control using a sinusoidal waveform and a load ratio
of R=0.3. Compared to the fatigue crack growth rate
measurements, a higher load ratio was used for these exper-
iments to keep the specimens from vibrating out of the
fixture.

Once cyclic loading began, testing was interrupted at
regular intervals and specimens were inspected using opti-
cal microscopy (OM) in order to record the initiation of
surface cracks during the fatigue test. If no damage was
observed, the number of cycles between intervals was
increased. Accordingly, a test frequency of 5 Hz was
employed early in these experiments to allow frequent
observations, while 20 Hz was used to generate adequate

cycles as the inspection interval increased above ~10°
cycles. Cellulose acetate tape replication was also used as
a complimentary inspection and record-keeping method
[42]. Acetate tape was softened with acetone and held
against the tensile surface of the specimen until the acetone
evaporated and the tape hardened. Features on the speci-
men surfaces were reproduced on the acetate negatives
and allowed records of the crack initiation to be kept in
case the initial inspections failed to observe the first fatigue
cracks.

After the fatigue life experiments were concluded, the
replicas and fracture surfaces were examined using OM
and SEM. Replicas were coated with a thin layer of gold
prior to SEM examination.

3.4. Depth-profiled position annihilation spectroscopy
(PAS)

Spatial variations in free volume associated with fatigue
deformation during crack growth experiments were
assessed using depth-profiling, beam-based PAS, specifi-
cally utilizing the Doppler-broadening spectroscopy
(DBS) technique. Full details are reported elsewhere [43],
with a brief synopsis given here. Depth-profile measure-
ments of the S parameter were made on the fatigue fracture
surfaces of the as-cast, 10t and SR C(T) specimens in a
location where AK was ~1.5 MPa,/m, i.e., near the fatigue
threshold. Positrons emitted from a radioactive Na?*
source were confined and transported to the specimen sur-
face. Six beam energies were used ranging between 1.1 and
8 keV corresponding to mean positron implantation depths
of less than 10 nm to 190 nm. Such depth-profiled results
were compared to similar depth-profiled results taken on
a polished face of the same specimen.

As the positrons annihilate with electrons in the mate-
rial, two gamma rays with energies of precisely 511 keV
are produced; however, the measured energy of annihila-
tion may be Doppler-shifted due to any center of mass
motion of the annihilating pair. The S parameter is defined
as the fraction of all 511 keV events within a specified cen-
tral region +0.88 keV from the peak, which corresponds to
annihilation at rest, or with valence electrons, to all of the
511 keV events [44]. Annihilation in open volume defects
result in less high-momentum annihilation and lead to a
higher S parameter, making DBS sensitive to changes in
free volume in amorphous materials.

4. Results
4.1. Enthalpy recovery and free volume quantification

As shown in Fig. 1, samples annealed at 610 K show a
large endothermic heat recovery in the glass transition
region, whereas the “unrelaxed” as-received and stress-
relieved (SR) samples do not exhibit this effect. Enthalpy
recovery increases with increasing annealing time. The
amount of enthalpy, AH, that was released during the
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Fig. 1. Enthalpy recovery measurements in the glass transition region
after isothermal relaxation at 610 K for 1t and 107. In addition, the
measurements for the unrelaxed samples in their as-received and stress-
relieved states are shown. Corresponding enthalpy recovery measurements
and quantification of free volume relaxation are reported in the table
(inset).

isothermal heat treatment, and recovered during reheating
the sample, was determined within +3%> from the area
between the curve of the relaxed sample and the unrelaxed
sample (Fig. 1). The measured enthalpy recoveries, AH, for
the 17 and 10t samples were reported in Ref. [35] and are
given in the inset of Fig. 1. Furthermore, Fig. 1 shows that
the SR sample annealed at 573 K for 2 min does not show
any enthalpy recovery in the glass transition region relative
to the as-received material; they are indeed in the same
enthalpy state, and by extension in the same free volume
state.

Assuming AH is proportional to the variation of the
average free volume per atom, vg/vy,, [30]:

ve/vm = B+ AH, (3)

where f was determined to be 0.080 4 0.001 (kJ g™ !
atomfl)*1 for Zry4Ti;;NijoCujoBess [35], AH is given in
kJ g*1 atom !, and vg/v,, is in %. The atomic volume, vy,
of Vitreloy 1 has been reported as 1.67 x 1072 m® near
the liquidus [45]. Therefore, based on Eq. (3) and enthalpy
recovery measurements, the reduction of free volume differ-
ence via structural relaxation, Avg/v,, was determined.
Results are provided in the inset of Fig. 1. Previous high-
resolution transmission electron microscopy (HRTEM)
studies have demonstrated that no nanocrystalization
occurs in the 10t annealed samples [35].

4.2. Fatigue crack growth behavior

The effect of free volume and stress relaxation on fatigue
crack growth behavior is shown in Fig. 2, where growth

* The 3% error on the enthalpy recovery measurements was calculated
based on the sensitivity of the DSC, 0.2 uW, and the accuracy of the
integration.

_;
m
4

Zr44TI11NI1OCU1OBeZS ¢
25 Hz, R=0.1 o

o stress relieved
= 17

1E-8 5

1E-10 4 1.35MPavm
v

Crack Growth Rate, da/dN [m/cycle]

\ :
% | :
1
1E-9 4 p \ 4
I !
'] ] 1
' f \asl-received \
l 1.79MP : \
| |
| |

11 I

1 10
Stress Intensity Range, AK [MPavm]

Fig. 2. Fatigue crack growth rates, da/dN, plotted as a function of the
applied stress intensity range, AK, for different free volume and/or residual
stresses states of ZryyTijNijoCuoBeys. The four distinct growth rate
regimes are annotated.

rates, da/dN, are plotted as a function of the applied stress
intensity range, AK. Four distinct growth rate regimes were
observed: (I) a high-growth-rate regime corresponding to
final fracture when the applied K., reaches the fracture
toughness of the material, (II) a mid-growth-rate regime
in which the crack growth increases with the applied AK,
(IIT) a near-threshold region with the crack growth rate rel-
atively insensitive to the applied K and, (IV) a distinct
threshold region with high sensitivity of the growth rate
to the applied AK.

The mid-growth rates (regime II) were fitted to a Paris
power law relationship [46]:

da "

= CAK 4)
Using units of m cycle ' and MPa,/m in Eq. (4), C and m
were found to be similar for all four cases with mean values
and standard deviations of (1.84+0.2)x107'" and
2.03 + 0.08, respectively. Measured fatigue crack growth
thresholds, AKty, were in the range of 1.35-1.79 MPa,/m,
typical of Zr-based bulk metallic glasses [3,4,17,47-50].
Surprisingly, free volume relaxation does not influence
the fatigue crack growth rates, da/dN, and fatigue thresh-
olds, AKty. Conversely, residual stresses in the as-received
material do affect the fatigue crack growth behavior, specif-
ically by shifting AKty and the fracture toughness to
higher values.

4.3. Fracture toughness behavior

Plane strain fracture toughness, Kjc, experiments
showed that annealing has a degrading effect on the frac-
ture toughness, as shown in Fig. 3. Removal of residual
stresses at constant free volume decreased Kjc by ~33%
from 51 MPa,/m to 34 MPa,/m. Relaxation for 1t shows
a minimal degrading effect on the fracture toughness with
Kic =32 MPa,/m. However, after relaxation for 10z, the
toughness shows a dramatic reduction in Kjc to 3 MPa,/m,
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Fig. 3. Plain strain fracture toughness, Kjc, and instability fracture in
fatigue crack propagation tests, Ky.x, for the as-received and annealed
samples. Annealing to relieve residual stresses or reduce the free volume
generally degrades the toughness. The error bars on Avg /vy, indicate error
estimates in the calculations, while the error bars on Kjc for the as-
received specimens corresponds to the standard deviation of three Kjc
tests.

an order of magnitude drop as compared with the stress-
relieved material.

In fatigue, the effects of free volume reduction and resid-
ual stresses on the K, values at the point of unstable frac-
ture are similar to the effects on Kjc. Residual stress
removal lowered Ky.x by ~39% from 18 MPa,/m to
11 MPa,/m, and the degrading effect of free volume reduc-
tion on the toughness is still clearly observed. However, the
toughness degradation at 10 7 is not as dramatic, with K.«
at fatigue fracture falling to 7 MPa/m.

In most cases, K,.x values at the point of unstable frac-
ture in fatigue were lower than the Kjc values, consistent
with previous studies that measured lower toughness with
higher loading rate in metallic glasses [4]. However, fatigue
cycling actually increased the fracture toughness of the 10t
relaxed specimen from 3 to 7 MPa,/m (Fig. 3).

4.4. Stress-life (S—N) behavior and crack initiation

The normalized stress amplitude, ¢,/g,, is plotted as a
function of cycles to failure, N, in Fig. 4, where the stress
amplitude, 0,, i ¥2(0max — Omin)- Data is normalized by the
ultimate tensile strength, ¢,, reported in the literature,
1900 MPa [51]. The effect of free volume reduction is inves-
tigated by comparing the stress-life data for the 10t and SR
specimens, both of which are free of residual stresses. The
stress-life fatigue data show that a free volume reduction
affects the fatigue life at a given value of a./0,, with
the curves crossing each other at ~10* cycles and
oaloy ~ 0.17. At lower stress amplitudes (o, < 325 MPa),
fatigue lifetimes are significantly shorter for the material
with more free volume, and vice versa at higher stress
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Fig. 4. Stress/life fatigue data for the 10t and stress relieved specimens
presented in terms of the normalized stress amplitude, ¢,/0,, plotted as
function of cycles to failure, Ny.

amplitudes (o, > 325 MPa). Additionally, a reduction of
free volume increases the fatigue strengths whereby the
107 and SR specimens were found to display 2 x 10 cycle
fatigue strengths at o,/g, values of 0.14 and 0.10, respec-
tively. Those values are higher than previously reported
for Zr-Ti—-Cu-Ni-Be BMGs tested in four-point bending
[3,52]. The improvement of the 2x 107 cycle fatigue
strength by free volume reduction is consistent with a pre-
vious Study on Zr41A25Ti13475Ni10CU12A5B622A5 [9]
Examination of tensile surfaces and replicas indicated
that damage initiation represents the majority of high-cycle
fatigue life in both cases, as indicated in Fig. 5, which
shows the number of cycles to crack initiation, N;, for the
various stress amplitudes tested. In Fig. 5, the error bars
represent the cycle interval in which initiation was
recorded. N; was found to be affected by free volume
changes in a similar way to Ny (Fig. 4). For ¢./6, <0.17,

u
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Fig. 5. Normalized stress amplitude, o,/0y, plotted as function of number
of cycles to crack initiation, ;. The error bars represent the cycle interval
in which initiation was recorded.
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damage initiation is retarded by free volume reduction, and
vice versa at higher stress amplitude (>0.17).

In both materials, the damage originated in multiple
locations on the tensile surface and rounded corners of
the beams. It was observed that surface cracks were as
likely to cause failure as corner cracks and that damage
preferentially initiated at surface defects such as fine polish-
ing scratches. Cracks were observed to initiate as shear
bands or mixed-mode cracks that initially propagated at
~49° to the maximum normal stress axis (Fig. 6) similar
to that observed in Ref. [52]. As observed previously [52],
the cracks abruptly change growth direction and continue
to propagate perpendicular to the tensile axis (Fig. 6) as
mode I cracks until failure. It is thought that the change
in direction occurs to maximize the mode I stress intensity,
AKj, once the shear band or mixed-mode crack has a mode
I loading component above the mode I fatigue threshold,

Once one or more cracks initiated, the 10t and SR spec-
imens required the same number of cycles to failure at a
given stress amplitude. This is demonstrated in Fig. 7,
where the number of cycles to failure after initiation,
N;— N;, for the SR samples is plotted as a function of
cycles to failure after initiation for 10t samples. A first-
order linear fit, i.e. y=2x, of the data shows that
(Nr — N0 = (Nf — Nj)sr. Such results indicate that the
free volume reduction does not affect the growth rates
and are in full agreement with the fatigue crack growth
results in Fig. 2.

4.5. Fractography

Fatigue fracture surfaces of the different specimens had
identical morphologies at a given growth rate. In near-
threshold regions, the surface exhibits a featureless mir-
ror-like appearance with the fatigue surfaces becoming
rougher with increasing AK (Fig. 8). Examination of the
bend beam fracture surfaces revealed that the cracks grew
in a semi-elliptical shape (Fig. 9a). In general, fatigue stri-

Fig. 6. Optical microscope image of tensile surface of an SR bend beam
showing fatigue damage typically observed in both the 10t and SR fatigue
life tests. This particular image was taken after 2500 cycles at
g, = 568 MPa.
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Fig. 7. Number of cycles to failure after initiation, Ny — N;, for SR
samples is plotted as a function of cycles to failure after initiation forl0z
samples. A first-order linear fit, i.e., y = x, of the data indicates that
(Nf — Ni)|0.[ ~ (Nt — Ni)SR with RZ =0.9926.

ations were visible over regions of the crack surface for
growth rates above ~10~° m cycle ! for all the specimens,
consistent with a previous report [49]. Such striations can
be seen in Fig. 9b. Finally, overload fracture surfaces
exhibited a vein-like morphology (Fig. 9b) typical of metal-
lic glasses [53].

4.6. Depth-profiled Doppler-broadening spectroscopy (DBS)

The bulk S parameter for the as-cast, 10t and SR sam-
ples was found to be ~0.523. Recent positron annihilation
lifetime spectroscopy (PALS) and DBS results suggest that
the size distribution of the free volume elements is bi- or tri-
modal prior to deformation [26,28,29,54,55]. For this
BMG, the fact that DBS is not sensitive to the free volume
changes from structural relaxation suggests that every pos-
itron is finding a free volume element to trap in, and free
volume changes due to structural relaxation do not signif-
icantly change the size of the trapping free volume ele-
ments. This is consistent with the concept that the
quantity, and not the size, of the various free volume
defects changes with structural relaxation [56].

Depth-profiled DBS results from the fatigue fracture
surface of a 10t sample are given in Fig. 10, which was typ-
ical for all three specimens. All three depth profiles of the
fracture surfaces showed an increased S parameter within
a 30-50 nm surface layer that asymptotically approaches
the bulk S value of ~0.523 with increasing depth. Such
results indicate that the intense deformation at the fatigue
crack tip has a significant effect on the local free volume.
The increase in S parameter suggests: (i) free volume is
being created at the crack tip during fatigue crack propaga-
tion, and (ii) the new free volume involves a different
(larger) type of defect than is found in the undeformed
regions. A more complete description of the PAS findings
for these samples has been reported elsewhere [43].
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near threshold

(a)

Fig. 8. Scanning electron micrographs of fracture surfaces showing: (a)
the boundary between smooth near-threshold fatigue (AK ~ 1.8 MPa,/m
and da/dN ~ 3 x 107" m cycle™") and rough final fracture surface in an
as-received specimen, (b) the fatigue crack growth region in a 10t sample
at mid level AK~ 3 MPay/m and da/dN ~ 10~ m cycle™!, and (c) the
fatigue crack growth region in a 10t sample at high level AK ~ 6 MPa,/m
and da/dN ~ 10~® m cycle™!. All micrographs are of C(T) specimens and
demonstrate the general trend of rougher surfaces with higher AK levels.
Nominal crack growth direction was left to right.

5. Discussion
5.1. Mechanisms of fatigue crack growth

It is apparent from Fig. 3 that a reduction in free volume
by structural relaxation embrittles bulk metallic glasses.
Existing models for the deformation of metallic glasses pre-
dict that a reduction in free volume will retard plastic
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Fig. 9. Scanning electron micrographs of a stress-relieved bend-beam
fracture surface showing: (a) semi-elliptical stable fatigue region, and
(b) the transition between stable growth and unstable fracture. Nominal
crack growth direction is top to bottom and ¢, = 290 MPa. In (b) note the
fatigue striations observed at the top of the micrograph, and the vein-like
overload fracture morphology in the bottom of the micrograph, both of
which are typical of metallic glasses.
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Fig. 10. Beam-based depth-profiled PAS Doppler-broadening results for

the 10t C(T) specimen taken from Ref. [43]. The fraction annihilating with

valence electrons, S, is plotted as a function of the implantation depth.

Depth-profiling was performed on the cyclically loaded (fatigue) surface

where AK was ~1.5 MPa,/m and compared to measurements taken on the
polished faces of each sample.
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deformation [13-15] and it logically follows that the
reduced ductility will result in less crack-tip blunting and
lower fracture toughness (Fig. 3 and Refs. [9,17,18,20]).
It is thus surprising that fatigue crack growth, which is
believed to result from alternating crack blunting and
resharpening [4], is not affected by change in the free vol-
ume (Fig. 2). Indeed, Suh et al. showed that when the free
volume of Vitreloy 1 is filled with hydrogen, both the frac-
ture toughness and the fatigue crack growth properties are
affected [17,18]. Thus, the mechanism for fatigue crack
growth in BMGs must account for all of these
observations.

During inhomogeneous plastic flow in BMGs, the
deformation is highly localized in shear bands and it has
been reasoned that the observed softening in those shear
bands must be due to local free volume generation within
the bands [13-15]. Additionally, molecular-dynamics sim-
ulations of deformation in binary metallic glasses, both
three-dimensional with 8000 atoms [57] and two-dimen-
sional with 20,000 atoms [58], show softening and shear
localization that is associated with free volume produc-
tion. Also, recently high-resolution TEM imaging tech-
niques [59-62] and positron annihilation spectroscopy
[26,29] have revealed that regions of localized plastic
deformation (shear bands) in bulk metallic glasses contain
a high concentration of thermodynamically stable sub-
nanometer scale voids. These voids apparently result from
the coalescence of excess free volume upon cessation of
the flow.

Thus, based on the current understanding of flow in
metallic glasses, it is expected that the large plastic strains
near a crack tip will be associated with a local increase in
free volume. The DBS results presented in Fig. 10 confirm
that this is the case; indeed, the free volume is locally higher
where the fatigue crack propagated. As the crack propa-
gates it is enveloped with a fatigue transformation zone,
as illustrated in Fig. 11. Free volume is generated within
this zone, with the amount expected to decrease with
increasing distance from the crack flanks or tip. A first-
order estimate for the total extent of the transformation
zone on the fatigue surface would be the mode I plastic
zone radius, r, for plane strain and along the axis perpen-
dicular to the crack plane as given by:

1 (K
~ (2L 5
rea (a) , (5)
where K7 and oy are the maximum stress intensity and yield
strength, respectively. Near the fatigue threshold

(Ki =~ 1.67 MPa/m), r is predicted to be ~122 nm. Fur-
thermore, a significantly higher increase in free volume
would be expected within the cyclic plastic zone where re-
versed plastic flow occurs during each cycle, which is gen-
erally ~1/4 the total plastic zone size [63,64], or ~31 nm.
The direct applicability of Eq. (5) to the inhomogeneous
flow in BMGs is uncertain; however, depth-profiled DBS
detected a definite increase in S within a 30-50 nm layer,

\

transformation zone
(unrelaxation process)
Ac

Fig. 11. Schematic of a fatigue transformation zone in a BMG. The stress/
strain concentration at the crack tip induces an increase in free volume and
as the crack propagates it is enveloped with a transformed zone.

which is consistent with an increase in free volume within
the cyclic plastic zone.

The transformation zone discussed is similar to the mar-
tensitic transformation zones that occur in partially stabi-
lized zirconia [65,66] or austenitic stainless steel [67,68],
although in those cases the volume increase is due to a
phase transformation from one crystal structure
to another. In those cases, the large volume expansion
(2-4%) associated with the martensitic transformation gen-
erates a residual stress field that puts the crack under com-
pression, reducing crack propagation rates. In bulk
metallic glasses, the total volume increase is orders of mag-
nitude smaller and is not large enough to cause significant
compressive stresses on the crack tip based on models for
transformation toughening [69,70]. Based on the weight
function method developed by McMeeking and Evans
[70], a 1 MPa+/m reduction in the maximum stress inten-
sity at the crack tip near the threshold would require a total
volume expansion of ~10% within a 100 nm thick transfor-
mation zone. Additionally, the average free volume per
atom of the ZryyTi;NijgCu;oBeys bulk metallic glass can
be estimated from Ref. [35], and was found to represent
roughly 0.1% of the total volume when considering only
the smallest atoms, beryllium, and the hard sphere model.
Therefore, this means that the free volume would have to
expand by two orders of magnitude in order to decrease
the stress intensity by 1 MPa,/m near the fatigue threshold.
Kanungo et al. [28,71] observed that cold-rolling to a thick-
ness of 32% increased the free volume of ZrsgsCuyse-
Nijp gAljg3Nb,y g bulk metallic glass by 4.4% relative to
the undeformed state. Even though the free volume was
averaged over the entire specimen and is believed to be
much larger within the shear band, it is apparent that the
total volume increase by free volume expansion is largely
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insufficient to generate a significant compressive residual
stress field.

However, it appears that the newly created free volume
in the fatigue transformation zone determines the local
flow properties, making the fatigue crack growth behavior
relatively insensitive to bulk free volume differences.
Accordingly, a new mechanism for fatigue crack growth
in bulk metallic glasses is proposed, where crack advance
involves the creation of a fatigue transformation zone with
flow properties independent of the bulk material, and alter-
nating crack blunting and resharpening occurs within this
zone. Such a mechanism is consistent with the hydrogen
charging results of Suh et al. [17,18], which showed a pro-
nounced affect on the crack growth rates when the bulk
free volume was filled with hydrogen. In that case, the extra
free volume created in the fatigue transformation zone
would be quickly filled with the highly mobile hydrogen,
effecting the crack growth rates. However, this new mech-
anism implies that simply changing the bulk free volume
of a BMG will not necessarily affect the fatigue crack
growth behavior, as seen in Figs. 2 and 7.

There are still unresolved questions regarding the fatigue
crack growth mechanism in BMGs; however, noting that
there is an unexplained region of the fatigue crack growth
curve that is largely independent of the applied AK, i.e.,
where da/dN ~ 10~° mcycle™! (Fig. 2, regime III). Such
behavior is common when there is an environmental effect
on crack growth and the crack growth rate is limited by dif-
fusion of an environmental species to the crack tip [72],
although it is currently unclear if that is the case with Zr-
based BMGs.

5.2. Toughening mechanisms

As observed in Fig. 3, the degrading effect of structural
relaxation on the fracture toughness is significantly weaker
under cyclic loading (K},,.x) as opposed to monotonic load-
ing (Kjc). Furthermore, fatigue cycling appears to increase
the fracture toughness of the 10t relaxed specimen. It is
important to note that the fracture toughness of metallic
glasses is a strain-rate-sensitive property, and higher strain
rates, as experienced during unstable fracture at the end of
a constant stress fatigue test, generally have been shown to
give lower fracture toughness [4].

The higher fracture toughness for the 10t specimen mea-
sured during fatigue testing is not surprising, however,
when one considers the concept of a fatigue transformation
zone. All Kjc measurements were done using fatigue pre-
cracked specimens where the final AK value experienced
before the fracture toughness test was near the fatigue
threshold. Accordingly, the fatigue transformation zone
would be small in those cases, and much smaller than the
plastic zone created during the fracture test, i.e., by a factor
of 5 for 107 specimen, and by two orders of magnitude for
the SR specimen, based on Eq. (4). Thus, for the Kjc tests,
the existence of a fatigue transformation zone would be
expected to have a small or negligible effect.

Unstable fracture at the end of a constant stress fatigue
test is a very different situation. In that case, the AK value
for the cycle just before instable fracture is high, and the
fatigue transformation zone is relatively large compared
to the Kjc test. Accordingly, for this case there will be
two partially offsetting effects whereby the high strain rate
is lowering the toughness, while the extra free volume in the
large fatigue transformation zone enhances the toughness.
The relative magnitude of these two effects will determine
how the fracture toughnesses measured at the instability
of the fatigue test compares to conventionally measured
Kic values. For the 10t sample, the effect of the fatigue
transformation zone is beneficial enough to give a higher
fracture toughness value in fatigue relative to the quasi-
static Kjc. Thus, the fatigue transformation zone can be
thought of as an intrinsic toughening mechanism, whereby
the local ductility at the crack tip is enhanced.

5.3. Fatigue life

Figs. 2 and 7 show that free volume relaxation does not
have an influence on fatigue crack growth rates, da/dN,
and fatigue thresholds, AK;;,. However, a reduction of free
volume improves the fatigue limits and affects the fatigue
lifetimes (Fig. 4 and in Ref. [9]). Based on Fig. 5, it is clear
that the effect on the fatigue life data is due to effects on the
crack initiation portion of the fatigue lifetime. Mechanisti-
cally, this may be understood by considering that fatigue
cracks tend to initiate from slip bands (Fig. 6). The larger
amount of free volume in the SR material allows easier
deformation and easier formation of slip bands, leading
to faster crack initiation possibly caused by nanovoids
[59-62] or nanocrystals [73] that form within the shear
bands that act as damage initiation sites.

In the absence of residual stresses, ZrsT1;Ni;gCuoBess
spends most of its fatigue life in crack initiation, as shown
in Figs. 5 and 7. Note that this is in contrast with a study
on a similar Zr-based alloy composition which reported
that fatigue crack initiation occurs within the first few
cycles [52]. It is currently unclear why these materials
behaved very differently, but possibilities include: (i) funda-
mental differences between the alloys, and/or (ii) other
factors such as residual stresses, defects, or other inhomo-
geneities. Indeed, bending beams were not stress-relieved in
Ref. [52], and depending on the orientation and machining
of the beams, the tensile surface during the bending tests
may have had residual tensile stresses which contributed
to early crack initiation. Additionally, defects or inhomo-
geneities in the BMG could also have accounted for much
quicker crack initiation.

5.4. Role of residual stresses

As mentioned earlier, bulk metallic glasses develop
residual stresses during processing due to thermal temper-
ing. It has been shown in previous studies [11,12] that com-
pressive stresses on the order of several hundred MPa can
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occur on the surface of as-cast metallic glasses, with offset-
ting tensile stresses below the surface. The effects of resid-
ual stresses have often been ignored in the published
literature on mechanical properties; however, the present
results illustrate how residual stresses are of primary
importance in determining the fracture and fatigue proper-
ties (Figs. 2 and 3). Specifically, residual compressive stres-
ses on the specimen surfaces reduce the crack propagation
rate in the threshold region and improve the fracture
toughness. In the present study these increases were signif-
icant, 33% and 50% increases for AKty and Kjc, respec-
tively. Furthermore, although not explicitly measured in
this study, those combined effects are expected to have a
significant effect on the overall fatigue lifetime.

The mechanism responsible for these effects is presumed
to be that the compressive thermal tempering stresses
superimpose onto the crack tip stress field, and therefore
lower the stress intensity at the crack tip. Although that
mechanism only acts on the specimen surfaces where the
residual stresses are compressive, it is clearly significant
enough to affect the overall properties (Figs. 2 and 3).

The effect of residual stresses likely explains some of the
scatter observed in published fracture and fatigue data,
such as the large scatter in AKty seen in Ref. [3]. Thus,
when testing BMGs without first relieving the residual
stresses, it is important that those residual stresses be char-
acterized and reported along with the data. Several meth-
ods have been developed for characterizing residual
stresses in BMGs, including a crack compliance method
[11,12] and high energy X-ray scattering [74].

5.5. Tailoring the fracture and fatigue properties of BMGs

Based on the results of the present study, it is clear that
the fracture and fatigue properties of bulk metallic glasses
are not solely determined by the chemical composition and
can be tailored for a given application by adjusting the free
volume and residual stresses. By reducing the free volume,
one can enhance the fatigue life while sacrificing fracture
toughness. However, both fracture and fatigue behavior
can be enhanced by controlling the residual stresses, for
example with post-processing treatments such as shot-

compressive
stresses
free

IC volume

S N

f

Fig. 12. Schematic illustrating how overall alteration of the fatigue and
fracture properties in BMGs can be obtained by concurrently controlling:
(a) residual stresses to improve both the fatigue threshold, Kty, and the
fracture toughness, Kjc; and (b) the free volume to improve the fatigue
limit but degrade the fracture toughness, Kjc.

peening [75]. Thus, careful control of free volume and com-
pressive residual stresses can potentially be used to improve
the overall properties of bulk metallic glasses and obtain
desired characteristics, as shown schematically in Fig. 12.

6. Conclusions

Based on a study of the fracture and fatigue behavior of
a ZryyTi11Ni;oCuy9Be,s bulk metallic glass, with specific
attention paid to the effects of free volume variations and
residual stresses, the following conclusions are made:

1. Both plane strain (Kjc) and fatigue (K.x) fracture
toughness were found to be significantly degraded by a
reduction in free volume via structural relaxation.

2. The fatigue crack growth rates were insensitive to free
volume variations. Depth-profiled Doppler-broadening
spectroscopy demonstrated that the large plastic strains
near the fatigue crack tip cause a local increase in free
volume. As the crack propagates, it is enveloped in a
fatigue transformation zone that controls the local flow
properties and makes the fatigue crack growth behavior
insensitive to the initial free volume state.

3. A reduction of free volume improves the 107 cycle fati-
gue strength and affects the fatigue lifetimes specifically
by increasing the number of cycles to cause crack initia-
tion below ¢,/0, ~ 0.17.

4. Residual compressive stresses significantly affect the fati-
gue and fracture properties. Specifically, compressive
thermal tempering stresses on the surface improve the
fatigue threshold and fracture toughness by lowering
the stress intensity at the crack tip by superposition of
the residual stresses.

5. The overall fatigue and fracture properties can be tai-
lored to desired properties by controlling the free vol-
ume and residual stresses.
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