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a b s t r a c t

At low homologous temperatures metallic glasses exhibit inhomogeneous flow behaviour, which is asso-
ciated with narrow shear banding. Based on the width of the shear bands and the time-dependent heat
conduction, we show here that this process is not fully adiabatic at low strain rates, even though temper-
atures are sufficiently high to create a drop in viscosity within either a new or a pre-existing shear band.
vailable online 13 October 2009
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Evaluation of the deformation kinetics at cryogenic temperatures suggests an increase in viscosity within
the shear band, although temperatures are still sufficiently high to cause localised melting at fracture.
In addition, a change from serrated to non-serrated flow can be observed if the temperature is lowered
below a critical value. This macroscopic change in the flow behaviour is directly related to a change
in the strain rate sensitivity from negative to positive values, suggesting a clear change in deformation

refin
hear banding
nhomogeneous flow

behaviour. We propose a

. Introduction

Shear banding in coarse-grained ‘hard-to-deform’ metals typi-
ally occurs under dynamic loading, where micrometer-wide shear
ands result [1]. However, reducing grain size in metals which in
heir coarse-grained state are regarded as being ‘soft’ also gener-
tes a gradual shift in their affinity to deform via shear banding.
or example, nanocrystalline Ni exhibits shear bands, while its
oarse-grained counterpart does not when tested at room temper-
ture and at strain rates of 103 s−1 [2,3]. The resulting increase in
trength due to grain size reduction actually causes a reduction in
train and strain hardening ability, which is a favourable condi-
ion for the initiation of shear localisation, i.e. shear banding even
t lower strain rates [4]. This is why the fracture angle of many
ractured ultra-fine-grained or nanocrystalline samples tested in
ension measures ∼45◦ [5]. The ultimate reduction in grain size
enerates an amorphous material which, compared to its nanocrys-
alline counterparts, exhibits strong differences in general physical
roperties [6–8]. In terms of compressive flow stress, however, it
ay not behave very differently to a chemically similar crystalline
hase with grain sizes on the order of a few tens of nanometers
9]. In the latter case this is related to the restricted activity of dis-
ocation motion, which at very fine grain size ceases and which is
ccompanied by a marked transition to inhomogeneous, glass-like
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E-mail addresses: florian.dallatorre@mat.ethz.ch,

orian.dallatorre@swissmetal.com (F.H. Dalla Torre).
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ed shear dilatation model to explain the experimental findings.
© 2009 Elsevier B.V. All rights reserved.

flow [9], where fracture angles in tension and compression deviate
from 45◦ [10,11]. Shear localisation in metallic glasses, however is
more pronounced than in nanocrystalline metals. Only at tempera-
tures close to their glass transition temperature, shear localisation
can be avoided if tested at low strain rates [12,13]. In the tem-
perature range where shear banding is present, the deformation
kinetics are not yet clearly understood. First, shear bands are sig-
nificantly thinner than in crystalline metals, on the order of tens of
nanometers [14–18]. Second, it is not clear to date if this process
is adiabatic or not under quasistatic conditions. And third, it is still
arguable as to what the exact deformation mechanisms in BMGs
are (ref. [19] and references therein). Apart from the temperature
increase during localized shearing, the shear dilatation models (the
shear transformation zone (STZ) model [20] and the free volume or
diffusive-jump-like model [21–23] have found wide acceptance in
explaining the drop in viscosity as also recently reviewed by Schuh
et al. [19]. On the other hand, however, none of the constitutive
equations for inhomogeneous plastic flow ascribed by these mod-
els addresses the serrated flow as a kinetic phenomenon sufficiently
well, this partially due to the lack of experimental evidence. In this
study we give a detailed description of the deformation behaviour
of a Zr-based bulk metallic glass (BMG) deformed at quasi-static
conditions at various temperatures in the hope of shedding more
light on the deformation of BMGs.
2. Experimental procedure

Zr57.9Cu22Fe8Al12Pd0.1 and Zr52.5Ti5Cu17.9Ni14.6Al10 (Vit105) prealloys were pre-
pared by arc-melting the pure elements (purity > 99.995%) in a Zr-gettered argon
atmosphere from which cylindrical rods were suction-cast into a copper mold with

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:florian.dallatorre@mat.ethz.ch
mailto:florian.dallatorre@swissmetal.com
dx.doi.org/10.1016/j.jallcom.2009.10.015
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�t the thickness of the heat-affected width would be far too large
before fracture if one assumes adiabatic conditions; however, at
fracture agreement with the thickness of the viscous-like layer of
the fracture surface results.
ig. 1. Viscous flow features on a shear plane of an unfractured compression test
ample of Zr57.9Cu22Fe8Al12Pd0.1.

length of ∼30 mm and diameters of 3 and 2 mm, respectively. Compression test
pecimens with a length-to-diameter ratio of 1.7 were cut from these rods and sub-
equently polished. The amorphous structure of the specimens was confirmed by
eans of X-ray diffraction (XRD) using a PANalytical X’pert diffractometer with Cu

� radiation, and by differential scanning calorimetry (DSC) using a Setaram Labsys
SC. The deformed specimens were examined with a LEO 1530 scanning electron
icroscope (SEM) equipped with a field emission gun. Constant cross-head displace-
ent tests and strain rate jump tests in compression were performed on a 4-column

chenck-Trebel machine equipped with a 100 kN load cell. Tests were performed at
arious crosshead velocities ranging from 1.0 to 0.1 mm/min, resulting in initial
train rates of 3 × 10−3 to 3 × 10−4 s−1. The strain was measured from the crosshead
isplacement and a strain gauge positioned on the pistons above and below the
pecimen. Acquisition rates of 20–1200 Hz were used to provide information on the
hear band velocity.

. Results and discussion

Fig. 1 shows an SEM image of a sample deformed without frac-
ure which exhibits a shallow viscous-like layer underneath a more
rittle structure. This information suggests that even before frac-
ure, sufficiently high temperatures can be reached which yield to
iscous flow features. Thickness estimates from this and similar
EM images together with cross-sectional views made by trans-
ission electron microscopy (TEM) suggest that the heat-affected
idth is restricted to one to two hundred nanometers maximum,

nd often less. Note that at the moment of fracture, stresses are
elieved which are approximately 3 orders of magnitude higher
han during shear banding before fracture [24]. Thus at the moment
f fracture the viscous layer is a few micrometers thick [24].

Under adiabatic conditions the following expression must be
ulfilled:

=
√

�t˛, (1)

here x is the width of the heat-affected zone (here taken as the
idth of a shear band), ˛ is the thermal diffusivity, and �t is the
ime needed for this process to occur. Table 1 shows that using Eq.
1) with a diffusivity of 3.2 × 10−6 m2/s at Tg [25], duration times in
he sub-nanosecond range arise for a shear band of 10 nm width,
hile for a shear band of 100 nm width a few nanoseconds would

e required. A width of 5 �m would on the other hand require a few

Table 1
Values for the width of the heat-affected zone and the time
duration calculated according to Eq. (1).

Width of heat-affected zone, x [nm] Time �t [ns]

10 0.03
100 3.1
200 12.5

1000 312.5
5000 7812.5
d Compounds 495 (2010) 341–344

microseconds to heat up this area. There are several approaches to
estimating the duration time. All, however, assume that the dura-
tion time for the heat burst is the same time span required for the
activation of a local shear event (independent of the size of such an
event).

During spatially inhomogeneous flow deformation can also
occur in a temporal inhomogeneous manner. This is the case at
room temperature and is reflected by a jerky flow or serrated flow
curve. Below a critical temperature smooth yielding occurs (tem-
porally homogeneous, but spatially inhomogeneous). Fig. 2a shows
two compressive flow curves at room temperature and liquid nitro-
gen temperature, where the crosshead velocity is changed by one
order of magnitude, i.e. where a change in the strain rate between
10−3 and 10−4 s−1 is applied. Fig. 2b shows a detail of the serrated
flow curve measured at room temperature. It is characterized by
loading parts, which reflect the elastic modulus of the material and
by stress drop parts, where plastic deformation via shear banding
occurs. Typically the time required for the stress to drop is signif-
icantly faster than the loading time of the elastic part. Measuring
the duration time of such stress drops at room temperature reveals
time scales on the order of a few tens of milliseconds (irrespective
of the acquisition speed). Assuming this to be the duration time
Fig. 2. (a) Stress–strain curve at varying strain rates for Zr57.9Cu22Fe8Al12Pd0.1 mea-
sured at room temperature and liquid nitrogen temperature. (b) Detail taken from
the curve measured at room temperature, showing the variation of the flow stress
on the applied strain rate. Note that each open square represents one data point.
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Another way to measure the duration time of a shear event
s by acoustic emission, assuming that a shear event generates
lastic wave propagation which is audible when exiting the mate-
ial. In agreement with the work of Vinogradov and Khonik [26],
ur results show that the smallest measureable events take place
ithin a few microseconds. Again assuming that these time periods

eflect the duration time �t, values of several micrometers width
which are still too large) would result for shear events taking place
efore fracture.

A third way to estimate �t is to assume that the shear events
hat are responsible for adiabatic heating travel through the media
t the speed of sound [27]. This would be the utmost limit with
he shortest values for �t. In metals velocities of 3000–6000 m/s
re typical; in other words, 90–180 nm per 0.03 ns or 9–18 �m
or a 3 ns duration time would be required (taking the values in
he first two rows of Table 1, which in terms of x corresponds to
he experimentally deduced values of a shear band width). Obvi-
usly these are very large shear displacements. Fig. 3 shows details
rom a stress–displacement curve recorded at room temperature,
here displacement bursts of several hundred nanometers to a few
icrometers are shown at the onset of plastic yielding and at a later

tage, respectively. Recently we were able to show that these dis-
lacement bursts can be correlated well in size with shear steps on
he shear surface [24]. Thus good agreement results with respect
o the shear displacement, assuming a shear event travelling at the
peed of sound. However, if we compare the duration time mea-
ured for the shear displacement of a stress–strain curve, a large
eviation from the duration time calculated in Table 1 results. Thus

t is assumed here that adiabatic heating is not entirely fulfilled
uring shear banding in BMGs. In addition, if equations evaluat-

ng the temperature increase within a shear band [24] are taken
nto account, a discrepancy between values at fracture and before
racture results. In agreement with current literature [27], [28–30]
his suggests that shear localisation is the cause of a temperature
ncrease due to frictional sliding, and not vice versa.

In the following the deformation kinetics of Zr-based BMGs is
ddressed. The two stress–strain curves produced from the same
ample batch shown in Fig. 2 were measured once at 77 K and once
t 300 K. The strain rate ε̇ was alternated between 3.7 × 10−3 s−1

nd 3.7 × 10−4 s−1. As indicated in Fig. 2 for this alloy, and in more
etail for the binary BMG Cu50Zr50 and for Zr52.5Ti5Cu17.9Ni14.6Al10

Vit105) (see also refs. [31–33]), a decrease was measured in the
teady-state strain rate sensitivity (SRS), which is defined as

=
(

∂ ln�

∂ lnε̇

)
ε

, (2)

ig. 3. Typical engineering stress displacement diagram showing the magnitude of
shear displacement associated with a stress drop taken from a compression test
n Vit105.
d Compounds 495 (2010) 341–344 343

from values of 0.004 at 77 K to values of approximately −0.002
at 300 K. This change in the deformation kinetics strongly sug-
gests a fundamental change in the deformation mechanism. We
recently compared the phenomenological similarities of serrated
flow behaviour in metallic glasses [31–33] with that of crys-
talline alloys which show the so-called dynamic strain aging (DSA)
effect [34], more commonly known as the Portevin–LeChâtelier
phenomenon. In the alloys studied here, we observe a transi-
tion, similar to the DSA effect, from negative to positive SRS with
decreasing temperature, which accompanies a change from ser-
rated to smooth yielding (Fig. 2). Our results show that shear bands
in metallic glasses exhibit a memory of their strain history, which
is reflected by the increase in �� and shear displacement with
strain (Fig. 3) and the decrease of the SRS at room temperature
[32]. In DSA-deforming crystalline alloys such behaviour has been
explained by considering the stress relaxation in the vicinity of a
shear band [35].

Our micromechanical view of the shear process in BMGs is
based on the fact that a shear band represents an energetically
unfavourable structural state, which if time and temperature per-
mit will structurally relax spontaneously towards a lower energy
state [33]. Based on this, we introduced a state variable (�g) into the
rate equation, which accounts for this dynamical structural change
within a shear band, i.e. the shear strain rate is

�̇ = �̇0 exp
(−�G

kBT

)
= �̇0 exp

(
−�G0 + �g(T, �̇, �) − Vap�eff

kBT

)
,

(3)

where �̇0 is typically taken as the characteristic strain rate that
depends on an attempt frequency and kB and T are the Boltzmann
constant and temperature, respectively. Note that due to the high
applied stress, backward fluctuations are unlikely to occur. The
Gibbs free energy �G required for the process to take place is equal
to the difference between the total energy required (total energy
barrier, �G0), the energy state variable �g and the work performed
by the effective stress �eff on a volume Vap. The latter, defined as
the apparent activation volume, is

Vap = kBT
(

� ln �̇

��

)
. (4)

and can be experimentally measured by strain rate jump or relax-
ation tests [3]. This quantity can be further related to the volume
of a shear transformation zone by Vap = ˝0�0, where �0 is the crit-
ical strain of a STZ, which is on the order of 0.1 and ˝0 is the size
of a STZ [20]. For Vit105 (Zr52.5Ti5Cu17.9Ni14.6Al10) Vap increases
with increasing strain rate from 0.15 to 0.23 nm3 at 77 K, which
for a characteristic shear strain �0 ∼ 0.1 [20] yields ˝0 ∼ 70–120
atoms [24,36]. The values deduced here are of the same order of
magnitude and accord very well with recent theoretical models
and molecular dynamic simulations, where the volume of a STZ
has been identified to be in the range of 100–140 atoms [37–39].
In addition to the increase in Vap with increasing strain rate, we
also measured an increase of Vap with increasing temperature from
0.15 nm3 at 77 K to 3.6 nm3 at 195 K [36]. The variable �g, which
depends on temperature, strain and strain rate, introduces the tem-
poral evolution of the atomic structure (dilatation and structural
relaxation) within shear bands after a shear event has taken place
(i.e. in the absence of effective stress).

Recalling the shear displacement above (Fig. 3 and also Fig. 9
in Ref. [24]) and considering the activation volume measured via

strain rate jump tests, a comparison of their magnitudes is now
possible. In crystals the activation volume can typically be discrim-
inated into an area a swept by the dislocation segment times the
Burgers vector (Vap = ab). For simplicity, here the Burgers vector is
taken as the average interatomic distance, which for our Zr-based
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Table 2
Activation volume and area deduced from strain rate jump tests of Vit105 [33,24,36].

Temperature [K] Strain rate [s−1] Activation volume Vap [nm3] Activation volume [b3] STZ volume ˝0 [nm3] a [nm2] l [nm]
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[
[
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77 5 × 10−5 0.15
77 5 × 10−2 0.23

195 5 × 10−5 3.6

MG is on the order of b ∼ 0.154 nm. The area a can then be fur-
her separated into a distance of the shear displacement � times
he length of the shear transformation zone or (for crystals) dislo-
ation segment l. Assuming a disc-shape STZ volume, similar to an
mbryonic dislocation loop and taking into account the character-
stic shear strain �0 ∼ 0.1 as deduced by Argon [20], the following
elationship can be obtained:

0 = 0.1 = tan
�

b
⇒ � = 0.879 nm (5)

If one assumes � to be constant a shear displacement of approx-
mately 5–6 atomic distances is obtained. Note, however, that the
hear displacement is more likely to vary with temperature and the
tress needed to shear the volume. Table 2 summarises these results
nd the corresponding dimensions deduced from the activation
olumes. These values are, however, roughly 2–3 orders of mag-
itude smaller when compared with the values deduced from SEM

mages and the shear steps deduced from Fig. 3, and thus difficult
o relate to any microstructurally observable dimension. Therefore
t is important here to realise that shear steps associated with a
tress drop do not represent one shear event per se, but must cor-
espond to an avalanche of multiple shear events leading to large
hear offsets. Similarly and analogously, the activation volume of
anocrystalline metals is of a similar magnitude to the values mea-
ured in [36] and discussed here, although shearing resulting in the
equired shear displacements occurs in a cooperative way. There-
ore we consider it unlikely that the activation of shear events is
oupled with adiabatic heating; these shear events travel through
he material at the speed of sound, creating shear events with shear
isplacements of hundreds of nanometers or even micrometers.

In the above we have discussed the likelihood of shearing under
diabatic versus non-adiabatic conditions. Based on the results
educed from stress–strain curves measured at various strain rates
nd temperatures and from microstructural SEM analysis on shear
lanes, we have demonstrated that that shearing probably occurs

n a non-adiabatic fashion (in agreement with current literature
27,28]) and that single shear events a few nanometers in size are
ctivated in a cooperative manner, creating avalanches which lead
o shear displacements of several hundred nanometers or a few

icrometers.

. Conclusions

This work summarises recent results obtained for various Zr-

ased bulk metallic glasses. Detailed analysis of compression curves
t various strain rates and temperature reveals a low-temperature
egime where deformation is spatially inhomogeneous but tem-
orarily homogeneous, producing non-serrated flow curves and
ositive strain rate sensitivities. Above a critical strain rate and tem-

[
[
[
[
[
[

44 1.5 0.97 1.11
68 2.3 1.49 1.70
67 36 23.37 26.6

perature deformation is spatially and temporarily inhomogeneous
and generates a serrated flow curve. An alternative model for defor-
mation kinetics is proposed in which a state variable (�g) accounts
for the structural variation in a shear band, which at sufficiently
high temperatures and slow strain rates is prone to structurally
relax to a more favourable configuration. Based on mechanical
testing and on microstructural information deduced by SEM obser-
vations of shear planes before fracture, we suggest that deformation
does not occur under adiabatic conditions, but that the heat gener-
ated is a cause of flow localisation and frictional effects.
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