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a b s t r a c t

The 2.5 MeV electron-irradiation and resistance-recovery experiments were performed. It was found that
the majority of atoms of a (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 bulk metallic glass (BMG) possess a locally pre-
ferred order, and vacancies are stable point defects. Low- and high-frequency compression–compression
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fatigue experiments show that the fatigue-endurance limit and mode of the fatigue fracture of this BMG
essentially depend on the cycling frequency. At the low-frequency cycling (10 Hz), the catastrophic crack
is initiated mainly due to the shear-of-steps formation, and the fatigue-endurance limit is ∼0.44 �FS

(�FS is the fracture stress). At the high-frequency cycling (20 kHz), the catastrophic crack forms due to
the propagation and mergence of nano-cracks initiated from slip layers at intercluster boundaries. The

n this
oint defects
ltrasonics

fatigue-endurance limit i

. Introduction

Non-direct manifestations of the point and extended defects
n the physical properties of metallic glasses are still an impor-
ant tool of their structure features research. As it was shown in
ef. [1], stability and thermally activated mobility of point defects
ake place in polyclusters. Following the 2.5 MeV electron irra-
iation of bulk metallic glasses (BMGs) and resistance-recovery
xperiments [2,3], we have shown that the stable vacancies exist,
t least within the investigated glasses, and that their diffu-
ion mobility is thermally activated. The low-frequency (10 Hz)
ompression–compression fatigue experiments [4] reveal the
mportance of the large-scale shear-band formation in affecting the
nitiation and propagation behavior of the catastrophic crack. With
hat, the fatigue-endurance limit is comparatively high (∼0.44 �FS,
here �FS is the fracture stress). In other words, the low-frequency

ycling stress considerably facilitates the BMG fracture but do not
llow to obtain more rich information about the structure features
f BMGs than that obtained from their fracture at monotonically
ncreasing compression.
In high-frequency fatigue (HFF) experiments using ultrasonic
ibrations (20 kHz), the cycling stresses of small amplitudes can
orm small-scale inner slip layers, within the weak intercluster
oundaries revealed by means of the field-emission microscopy
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case is a random quantity with a mean value of ∼0.04 �FS.
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[5]. One can assume that the viscous dissipation of the mechanical
energy and irreversible inelastic structure changes in the slip layers
can initiate their propagation and initiation of inner nano-cracks.
The propagation and mergence of the inner cracks can lead to the
BMG fracture. Results of our experiments indicate that this scenario
of the HFF fracture really takes place at rather low mean stresses
and even lower amplitudes of cycling stresses.

2. Experimental

The method of the low-temperature electron irradiation of BMG samples with
their subsequent isochronal annealing and electrical-resistance measurements was
used in our experiments. Irradiation with 2.5 MeV electrons at ∼80 K was carried out
at the ELIAS electrostatic accelerator of the National Science Center – Kharkov Insti-
tute of Physics and Technology. Irradiation, annealing, and resistance-measurement
techniques are described in details [2].

A computer-controlled Material Test System (MTS) servohydraulic testing
machine was employed for low-frequency fatigue (LFF) experiments. The machine
was aligned prior to use, as required. Samples were tested at various stress ranges
with an R ratio (R = �min./�max., where �min. and �max. are the applied minimum and
maximum stresses, respectively) of 0.1 under a load-control mode, using a sinu-
soidal waveform at a frequency of 10 Hz. Upon failures or 107 cycles, samples were
removed and stored for later examinations by a scanning-electron microscope (SEM)
to identify fatigue-crack initiation and growth mechanisms. The fracture surfaces
of selected specimens were examined, using a Leo 1526 SEM machine with the
energy-dispersive spectroscopy to provide fatigue and fracture mechanisms.

The HFF experiments and pre-treatment of the specimens were done using the

special test facility [6]. The specimens were clamped to the lowest cross-section of
the ultrasonic concentrator. The specimen stress was 50 MPa. Thereafter, the 20 kHz
vibrations were turned on. The amplitude of ultrasonic vibrations was from 6 �m
up to 14 �m. The fractography of the fractured samples after fatigue testing was
done on the Leica Z6APO microscope and on an SEM to study fatigue and fracture
mechanisms.

dx.doi.org/10.1016/j.jallcom.2011.01.205
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Dose dependence of the relative electrical resistance for the
Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG irradiated with 2.5 MeV electrons at ∼80 K.

. Results

.1. Accumulation and recovery kinetics of radiation damages in
Zr0.55Al0.10Ni0.05Cu0.30)99Y1

The dose dependence of the electrical resistance of the
Zr0.55Al0.10Ni0.05Cu0.30)99Y1 BMG sample irradiated with 2.5 MeV
lectrons at ∼80 K is presented in Fig. 1. The linear dependence of
Rirr/Ro on electron fluence is a manifestation of storage of the

rradiation effects without considerable interactions of the stored
amages. Here �Rirr = Rirr − Ro, where Ro and Rirr are electrical
esistances before and after the irradiation with the maximum
uence, respectively. One can see a negative slope of the dose-
ependence line of irradiated samples. As it was declared for other
MG composites [2,3], this feature can be explained as a result
f the irradiation-induced atomic replacements, leading to short-
ange ordering of the alloy. In the frame of the polycluster-structure
odel of metallic glasses [7,8], the ordering process enhanced by

he irradiation can take place in both the cluster body and interclus-
er boundaries. This process does not need a long-range diffusion
nd probably is an intrinsic property for most of the Zr-based BMGs.

Derivatives of isochronous recovery curves of radiation-induced
esistance changes of (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 (present work)
nd Zr52.5Ti5Cu17.9Ni14.6Al10, and Zr46.8Ti8.2Cu7.5Ni10Be27.5 [2,3]
MGs are shown in Fig. 2.

Along with that, atomic displacements, i.e., stable Frenkel pairs
interstitial + vacancy), are generated by high energy electron beam
n BMG. These point defects are unstable in the dense random pack-
ng of spheres (DRPS) but they are stable in the cluster body [1].
herefore, no annealing stages of irradiated DRPS can exist. The
ituation is different in polyclusters. The cluster boundaries are
inks of the point defects. The activation energy of the interstitial
iffusion is, as in crystals, much less than the activation energy
f vacancies. Therefore, the annealing stages of interstitials are at
uch lower temperatures those of vacancies. In crystalline metals

nd alloys the interstitial annealing stages usually are in the tem-
erature range below 120 K (see, e.g., [9]). Therefore, we believe
hat this two revealed annealing stages for each BMG composition
re connected with the activation of mobility of the vacancies and
acancy-alloying addition complexes.

It should be noted that for all the studied BMGs, the
emperature peaks and the estimated effective activation ener-

ies of recovery stages are observed to be close to each
ther. Thus, the temperature peak of the “high-temperature”
tage at 225 K and the estimated effective activation energy
f ∼0.7 eV coincide for all the investigated compositions. An
ffective activation energy of ∼0.4 eV and peak temperature of
Compounds 509S (2011) S123–S127

125 K are almost identical for (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 and
Zr52.5Ti5Cu17.9Ni14.6Al10 BMGs, and only shifted to 150 K, with a
corresponding increase of the effective activation energy up to
0.46 eV for the Zr46.8Ti8.2Cu7.5Ni10Be27.5 BMG. These data indicate
that the observed recovery stages after low-temperature elec-
tron irradiation in the Zr-based BMGs are stipulated by migration
or reorientation of identical or similar configurations of mainly
vacancy-type point defects. To identify the actual configurations of
radiation defects, it is necessary to perform similar experiments on
simple, preferably two-component BMG compositions, as well as
to carry out simulation processes of primary damage and annealing
of the BMGs.

3.2. Low- and high-frequency compression–compression fatigue
and fracture

The LFF experiments were performed at the cycle frequency of
10 Hz, �max. = 0.8, 0.9, 1.0, and 1.1 GPa, and the ratio, R = 0.1. The
deformation rate was 〈ε̇〉∼0.5/s. The compression–compression
fatigue results for the (Zr0.55Al0.10Ni0.05Cu0.30)99Y1 samples shows
that the fatigue-endurance limit (�L), based on the applied stress
range, subjected to compression–compression loading is 0.8 GPa.
Above the endurance limit, the fatigue lifetime generally decreases
with increasing the stress level. The cyclic-compression fracture
surface displays a morphology nearly identical to the monotonic-
compression fracture surface. Most of the fracture surface is
covered by vein-like patterns. These vein-like patterns formed due
to the significant temperature increase when the sample failed. It
was found that, as a rule, the catastrophic crack propagates from
the surface [4,10]. The morphology of the low-frequency fatigued
sample is seen from the SEM fractograph shown in Fig. 3a. Here
the regions of the brittle cracking and ductile fraction are clearly
seen. The vein pattern and frozen droplets are observed in the
regions of the ductile fracture. The catastrophic crack is propagat-
ing at angle ≈45◦ to the external stress. At �max. = �L, the number
of cycles to fracture (Nf) is greater than 107. It occurs that Nf ∼ 105

at �max. = 1 GPa. The ratio of the fatigue-endurance limit to the
fracture stress at monotonic compression, �FS = 1.8 GPa, is 0.44.
The obtained results are very similar to those of the LFF with a
Zr50Al10Cu37Pd3 BMG [4]. Therefore, we refer readers to Ref. [4] for
detailed discussions of the low-frequency fatigue-fracture mode.

The HFF experiments were performed at the cycle frequency
of 20 kHz, constant compression, �̄ = 0.15 GPa, and amplitudes of
the vibrations, A = 6–14 �m or A/l0 = ε̃ = (1.5 − 3.5) × 10−3 (l0 is
the initial length of the specimen). The ratio, �max./�FS, is less
than 0.15. Thus, the experiments were performed in the region of
elastic deformation but the rate of the cyclic deformation is high,
〈ε̇〉 = 100–150/s. The high-frequency compression–compression
fatigue-endurance limit is a random, very scattered quantity with
a mean value of ∼0.04 �FS. Some specimens were not fractured
at ε̃ = 2.5 × 10−3 and N = 6 × 106, while others were fractured at
ε̃ = 2 × 10−3 and N = 5 × 105. Even at ε̃ = 1.5 × 10−3 after 4 × 106

cycles, a noticeable decrease of �FS and Young’s modulus was
observed.

The mode of the high-frequency compression–compression
fatigue fracture is completely different from that at low-frequency
cycling and large �max/�FS ratios, as it is seen in Fig. 3b, where
the optical metallography of the fractured specimen and SEM frac-
tography of a typical region of the fracture surface are shown. It
is seen that the specimen fracture is caused by initiation, propa-
gation, and mergence of multiple cracks in the specimen body. It

has to be stressed that the resulting catastrophic crack has no spe-
cific orientations. It looks like a mergence of initially isolated inner
nano-cracks into a percolating catastrophic crack. Nearly 20% of
the fracture surface is covered by crystallites of sizes, 10–100 nm.
Due to the presence of the crystallites, narrow lines appear in the
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ig. 2. Recovery spectrums of the irradiation-induced electrical resistance, Rirr, (de
a), Zr52.5Ti5Cu17.9Ni14.6Al10 (b), and Zr46.8Ti8.2Cu7.5Ni10Be27.5 (c), irradiated with 2.5

-ray diffraction on the fractured specimen. The positions of the
ines show that the crystallites possess mainly a ZrAl lattice. Since
or the partial crystallization of the glass, a diffusion mobility of
toms is needed, we can conclude that the local heating of the slip
ayers and crack surfaces due to the inner friction under the ultra-
onic vibrations is considerable to provide the mobility of at least
omparatively small Ni and Cu atoms. The mean specimen temper-
ture was less than the glass-transition temperature. Otherwise, a
omogeneous plastic deformation (a diffusion-viscous flow) could
ake place.

. Discussion

Since the LFF does not show any exceptional features, as com-
ared to those observed in experiments with BMGs of different
ompositions [4,10], we briefly discuss the peculiarities of the high-
requency investigations. As was noted, the mean deformation rate
n HFF is large, ∼102/s. Therefore, even at small amplitudes of the
ycling deformation, the internal friction due to the anelastic defor-

ation plays a significant role because the energy dissipation rate

s Ėfr∼�〈ε̇〉2vfr (� is the viscosity; vfr is the volume of the regions
here the anelastic deformation takes place). To specify the coeffi-

ients, � and vfr , we have to note that metallic glasses, as they were
evealed by means of the field-emission microscopy [5,11], pos-
es, dRirr/dTann, on the annealing temperature, Tann) for (Zr0.55Al0.10Ni0.05Cu0.30)99Y1

electrons at ∼80 K.

sess the polycluster structure [7,8] with cluster sizes of ∼10 nm.
The intercluster boundaries have a width less than 1 nm [5]. Thus,
the fraction of atoms belonging to the boundaries is ∼10−1 (com-
pared with conclusions made in Ref. [12]). The maximal shear stress
is in the boundary section oriented at the angle of ≈45◦ to the
external stress. Let us denote this value as �m = �(�/4). Then the
shear stress on the boundary section oriented at the angle �/4 + �
is �(�/4 + �) = �mcos� ≥ 0.995�m at � < 0.1. Thus, on average, the
fraction of such boundary sections can be estimated as ∼10−1. We
have to take into account that the length of the slip layer, �, deter-
mines the concentration of the stress in the mouth of the layer,
�mouth ∼ 〈 �shear 〉 (�/a)1/2, a is the atom size, �shear is the shear stress
in the layer. Thus, just comparatively long slip layers can propagate
and initiate nano-cracks. Taking the fraction of long slip layers to be
of the order of 10−1, we have a crude estimation of the dissipation-
energy rate, Ėfr∼10−3�〈ε̇〉2V , V is the specimen volume. The shear
viscosity at low temperatures is �∼�/〈ε̇〉 because in the slip layer,
the external shear stress, �, is larger or equal to the boundary yield
stress.
Proceeding from the made remarks and estimations, we can
interpret the obtained results of the HFF as follows. In spite of
the fact that the amplitudes of the cycling compression strains are
comparatively small, ε̃∼10−3, they are able to produce significant
anelastic and then inelastic deformations, propagation of the slip
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Fig. 3. (a) Optical microscopy and SEM of a fragment of the fracture surface for low-frequency fatigue; (b) Optical microscopy and SEM of the fracture surface of the
high-frequency fatigue-fractured specimen. Crystallites (light spots) cover ∼20% of the crack surface. Treatment for 25 min. (N = 30,000,000) at an amplitude, A = 14 microns.
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ig. 4. Scheme of nano-cracks initiation from the slip layers in the polycluster boun
b) a slip layer formed under compression stresses, arrows show directions of the
d) nano-cracks along the intercluster boundaries are initiated.

ayers, and initiation and propagation of the nano-cracks for two
easons.

First, the probability of the “long” slip-layer formation in the
roperly oriented boundaries is comparatively large, ∼10−3 of all
toms are involved in the anelastic and inelastic deformations,
hich lead to the nano-crack formation and propagation. The

bserved large uncertainty of the fatigue-endurance limit is caused
y uncontrolled nano-scale structure heterogeneities and extended
efects of the tested specimens.

Second, due to the internal friction caused by anelastic and
nelastic processes, a considerable amount of the deformation
nergy is transforming into heat and increases the temperature
f the specimen. The heat enhances the diffusional activity and
nduces the observed crystallization. The low thermal conductivity
f BMGs (∼4–7 × 10−3 W/cm K) [13] provides an essential increase

f the specimen temperature in spite of its contacts with massive
etails of the test device. The temperature increase facilitates the
hermal activation of the slip layers and nano-crack propagation
nd mergence. It has to be noted that at LFF, the heating effect
ecomes essential just at the last, fast fracture stage.
: (a) an area of polycluster before compression, intercluster boundaries are shown;
shear stress; (c) a slip layer propagates due to the action of the cycling stress; and

In Fig. 4, different initial stages of the non-elastic deformation
are schematically shown for BMG polyclusters. One can see that
the slip layer initiated by external cycling-compression stresses at
the itercluster boundary is propagating and initiating nano-cracks.
Propagation and mergence of the nano-cracks in the specimen body
lead to the fracture.

5. Conclusions

• The annealing stages of the irradiated specimens reveal the exis-
tence of two annealing stages above 100 K. They are attributed
to the stable vacancies and vacancy complexes in BMGs. The
vacancy mobility is a thermally activated process as it has to be
in polyclusters.

• Compression–compression LFF and HFF experiments show that

the fatigue-endurance limit and the fracture mode essentially
depend on the frequency.

• At LFF, the catastrophic crack angle is nearly �/4, and the fracture
surface is consisting of the crack-initiation, crack-propagation,
fast fracture, and melting regions.
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At HFF, multiple inner nano-cracks initiation, propagation, and
mergence take place at rather small strain amplitudes, ε̃∼10−3.
On average the catastrophic crack-propagation direction forms
the considerably less than �/4 angle with the stress direction. The
fatigue-endurance limit is a random quantity with large disper-
sion. The release of the comparatively large deformation energy
due to the friction in the slip layers and cracks produces local heat,
resulting in the acceleration of the crack propagation, diffusion
enhancement, and growth of crystallites. The fraction of the frac-
ture surface covered by the crystalline precipitates reaches ∼20%.
One can conclude that ultrasonic vibrations induce irreversible
changes of the BMG structure even at small amplitudes.
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