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Although fatigue failure is well documented in metallic glasses, the mechanism responsible for
damage accumulation during cyclic loading below the yield point remains elusive. This letter
describes a high-resolution nanomechanical study of an Fe-based bulk metallic glass subjected to
cyclic loading in the nominal elastic range. An increase in the yield load was observed with an
increasing number of subyield loading cycles, providing a clean documentation of kinematic
irreversibility in very small volumes of material that experience no shear bands either prior to or
during cyclic loading. © 2008 American Institute of Physics. �DOI: 10.1063/1.2919722�

Despite their favorable mechanical properties including
high yield strength and elastic limit, metallic glasses are
prone to early failure under fatigue loading conditions.1 The
fatigue endurance limit in these materials can be quite scat-
tered and sometimes disappointingly low, ranging from
10%–50% of the yield stress.2 Most studies to date have
focused on stress-life behavior and fatigue limits;3 however,
the interpretation of these results has sometimes been com-
plicated by the presence of residual stresses from the casting
process,4 small batch-to-batch variations in composition,3

and sensitivity to surface finish or the presence of preexisting
crack initiation sites.3,5 Several recent works have hinted that
small internal features of the glass may play an important
role in fatigue damage.6,7 Disparities between four-point
bending and compact tension results have been partially at-
tributed to the volume of material experiencing high stresses,
implying that the distribution of defects plays a role in fa-
tigue lifetimes.8

In spite of the obvious technological importance of these
issues, the fundamental physical mechanisms that lead to fa-
tigue in metallic glasses remain unclear. The elastic-plastic
transition in metallic glasses is usually considered as un-
equivocal and quite abrupt: the material is elastic until a
yield condition is satisfied and the sudden formation of a
very narrow shear band marks the onset of plastic flow. For
cyclic fatigue loading in the elastic range, it is unclear how
�or whether� a shear band could form when the applied stress
is necessarily insufficient to cause global yield. Moreover, if
shear bands do not form under cyclic loading, then it is nec-
essary to identify some other mechanism of kinematic irre-
versibility, by which localized damage may accumulate and
lead to fatigue under cyclic loading.

We believe that the origins of kinematic irreversibility
in metallic glass remain obscure, at least in part, because
traditional fatigue geometries do not have the resolution nec-
essary to observe the effect of cyclic load histories on indi-
vidual shear banding events. On the other hand, nanoinden-
tation is an experimental tool that similarly applies local
stress concentrations and is amenable to cyclic loading, but
which provides superior resolution. Nanoindentation has
been widely used to detect individual shear band events in
metallic glasses with high accuracy.9 For example, we have

recently studied the shear banding event that marks the initial
elastic-plastic transition in metallic glasses by using spheri-
cal nanoindentation.10 The purposes of the present work are
to study a small volume of material beneath a spherical
nanoindentation and to cleanly discern any possible shift in
the yield point that may arise due to local structural changes
induced by cyclic loading.

The material used in this study was
Fe41Co7Cr15Mo14C15B6Y2 bulk metallic glass produced by
arc melting pure metals and quenching into a cooled copper
mold under an inert atmosphere.11 Nanoindentation, by using
a TriboIndenter �Hysitron, Inc., Minneapolis, MN, USA�,
was used to dynamically measure the load-depth response of
the metallic glass with resolutions of 0.1 �N and 0.2 nm,
respectively, using a spherical diamond tip of radius
�1100 nm. During the earliest stages of deformation, the
load-depth data follow the Hertzian elastic prediction.10,12 At
some critical load, the conditions for shear band formation
are met, resulting in a sudden displacement excursion or
pop-in the load-displacement response; the inset graph in
Fig. 1 shows an example set of data obtained by using a
monotonic loading function �loading rate of 2.5 mN /s�, with
the yield event indicated.
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FIG. 1. Results of typical nanoindentation measurements on the Fe-based
glass. The inset shows a typical load-displacement curve where the first
pop-in is denoted by a bold point and the elastic contact prediction is shown
as a solid curve. In the main graph, data from more than 100 identical such
tests are cumulatively plotted, with each point representing an individual
first pop-in yield load.
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When many nominally identical such tests are con-
ducted, the load at which the first pop-in event occurs is
quite stochastic, covering a range of �2 mN, as shown in
Fig. 1, where the results of more than 100 tests are ordered
and ranked in a cumulative fraction plot. In this way, the
entire population of test results can be reported, with each
data point on the cumulative fraction plot corresponding to
the pop-in load obtained from a single nanoindentation test.
The range of values observed here significantly exceeds the
measurement uncertainty in nanoindentation, implying that
the shape of the distribution is the result of an underlying
distribution of local states in the material.

The data in Fig. 1 represent a baseline for the strength
distribution of the glass under monotonic loading conditions.
Next, by maintaining the same test geometry, we sought
changes in the strength distribution after cycles of loading in
the elastic range �below the load of the first pop-in�. In a
given experiment, the nanoindenter was used to apply a
number of subcritical loading/unloading cycles to a maxi-
mum load of 1.25 mN, prior to loading to a peak force of
5 mN �beyond the yield point�. All of the loading and un-
loading segments were conducted at a constant rate of
2.5 mN /s. An example loading curve containing five sub-
critical loading cycles is shown with its load-depth response
in Fig. 2. In general, during the subcritical cycles, deforma-
tion appears to be entirely elastic, with no evidence of obvi-
ous hysteresis and no residual deformation. In each test, the
critical pop-in load during the final loading segment, such as
the one accentuated with a large solid diamond in Fig. 2, was
identified and recorded.

In a similar fashion to the tests of Fig. 2, we conducted
more than a hundred indentations involving cyclic loading
under identical test conditions, in order to observe the statis-
tics of yield after cycling. The yield point that was ultimately
measured after applying one, five, and ten subcritical elastic
cycles is plotted in cumulative form and compared to the
results obtained without cycling in Fig. 3. A shift is discerned
in the load required to precipitate the first shear band event
as the number of subcritical loading cycles is increased; cy-

clic loading in the elastic range leads to apparent hardening
of the glass. Additionally, it appears that strength is gradually
accumulated: there is only a subtle change in the shape of the
curve and a negligible shift in the mean yield load for a
single subcritical loading cycle, but increasingly larger shifts
for more numerous cycles. We have also verified that load
cycles are necessary to this phenomenon; equivalent experi-
ments in which we introduced a holding segment at a sub-
critical load of 1.25 mN for 4 s �equivalent to the total time
required for five cycles� showed negligible strengthening
upon subsequent loading to the pop-in load. We have also
conducted monotonic loading experiments over several or-
ders of magnitude in indentation rate and again find negli-
gible effects of time at load in the elastic range.

The data in Fig. 3 are direct evidence of hardening in a
metallic glass subjected to nominally elastic load cycles. It is
especially interesting that in these experiments, no shear
bands formed during the cyclic loading; the hardening we
observe here is not a consequence of “conventional” glass
plasticity through shear band formation but through some-
thing more subtle that occurs under what appears to be fully
reversible elastic loading. A possible interpretation for these
results is suggested by Fig. 4, which summarizes a conclu-
sion from our prior work.10 There, we showed that very high
local stresses—even exceeding the macroscopic yield stress

FIG. 2. �Color online� Example load-displacement data for a cyclic loading
test. Five subcritical loading cycles precede a final loading to a maximum
force of 5 mN, as shown in the load history in the inset. The main graph
shows the load-depth response; over the range of cycling �indicated�, there
is no permanent deformation or obvious hysteresis and the first plastic de-
formation appears to occur only at the pop-in during the final loading seg-
ment. The expected elastic load-displacement curve is also shown as a solid
line.

FIG. 3. �Color online� The yield point �i.e., the load of the pop-in event�
shifts to higher loads with an increasing number of subcritical loading
cycles.

FIG. 4. �Color online� �a� Maximum shear stress field beneath a spherical
contact according to the Hertzian elasticity theory. �b� Shear plane stress
field �Ref. 10� illustrating the shear band path that experiences the highest
stress along its entire length. In both panels, dimensions and stress are
normalized by the contact radius a and mean contact pressure Pm, respec-
tively. The initial point of contact is at r=0, z=0, and only half of the elastic
half-space is shown because of symmetry around r=0. The shear band path
in �b� is significantly removed from the region of maximum stress in �a�.
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of the glass—can exist around a stress concentration in the
elastic range. The reason is that the yield event �the forma-
tion of a shear band� occurs only when an entire viable shear
plane exceeds the yield stress; high stress at a point is insuf-
ficient to cause global yield. In Ref. 10, we calculated the
preferred location for shear band formation around a spheri-
cal contact, as shown in Fig. 4�b�. This location is substan-
tially removed from the region of maximum shear stress,
which is mapped in Fig. 4�a�. Thus, extremely large stresses
can exist beneath the indenter tip in the region noted in Fig.
4�a�, well before the stress rises to the yield point and trig-
gers a shear band on the plane in Fig. 4�b�. Based on the
Hertzian analysis, for our subcritical load cycles, we estimate
that shear stresses as high as 6 GPa could exist beneath the
indenter tip—these would be well above the nominal shear
yield stress of the glass at 1.5 GPa.10

We suggest that subtle changes to the glass structure
beneath the indenter tip must be occurring to produce the
apparent strengthening trend observed here, even though no
shear bands or other evidence of plastic flow manifest during
cyclic loading. The fact that locally, extremely high stresses
are present beneath the indenter suggests a mechanism of
reversible atomic rearrangements that might be considered as
“microplasticity.” For example, it seems entirely plausible
that hysteretic forward and reverse “shear transformation
zone” operations could locally occur under cyclic loading,
without requiring a shear band to form. This process must
lead to an accumulation of small structural changes �e.g.,
redistribution of free volume, changes in chemical or topo-
logical order, etc.�, producing a hardened region in the vol-
ume of material that experiences the highest stress. These
atomic scale irreversibilities are sufficiently localized and
minute that they are not discernible in the cyclic load-
displacement curves, but their cumulative effect has an even-
tual impact on the macroscopic yield point and the formation

of the first shear band upon subsequent monotonic loading.
At present, the full details of how the structure changes

in a cyclically loaded metallic glass are unclear, but we can
envision at least two possible scenarios in which a local
structural change could cause the apparent strengthening ef-
fect we see in these experiments. First, it is possible that the
local structural change leads to a stiffened region that can
carry a disproportionate amount of the applied stress, effec-
tively shielding the shear band path and requiring a larger
applied load to cause global yield. Alternatively, cyclic load-
ing may locally harden some small portion of the preferred
shear band path in Fig. 4�b�, requiring that the yield must
proceed along a secondary path, which requires a higher ap-
plied load to trigger. Our continuing work seeks to address
these issues in the near future.
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