
A
Z

E
D
a

b

c

a

A
R
R
A
A

K
B
M
L

1

p
m
s
p
n

v
g
b
t

2

N
(
r
o
r
2

0
d

Journal of Alloys and Compounds 495 (2010) 345–347

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

nomalous decrease of propagation rate of the macroscopic shear band in the
r-based bulk metallic glasses at temperatures 170 and 77 K

.D. Tabachnikovaa,∗ , A.V. Podolskiya, V.Z. Bengusa, S.N. Smirnova, K.Y. Chernokhvostenkoa, A. Yavarib,
.V. Luzginc, A. Inouec

B. Verkin Institute for Low Temperature Physics & Engineering, 47 Lenin Ave., Kharkov 61103, Ukraine
Euronano, LTPCM-CNRS, Institut National Polytechnique de Grenoble, 1130 rue de la Piscine, BP 75, 38402 St-Martin-d’Hères, France
Institute for Materials Research, Tohoku University, Aoba-Ku, Sendai 980-8577, Japan

r t i c l e i n f o

rticle history:
eceived 4 July 2008
eceived in revised form 6 November 2009
ccepted 9 November 2009
vailable online 6 December 2009

a b s t r a c t

The plastic deformation and fracture of cylindrical samples of the bulk metallic glasses Zr62Cu15.5Ni12.5Al10

and Zr64.13Cu15.75Ni10.12Al10 have been studied in uniaxial compression in the temperature range
300–4.2 K. At the temperature 300 K the deformation curve has serrated (jump-like) type, caused by
the propagation of narrow shear bands. At the deformation level of approximately 3–4% the catastrophic,
eywords:
ulk metallic glasses
echanical properties

ow temperatures

uncontrolled failure of the specimens occurs resulting from propagation of the macroscopic shear band
with a rate ∼103 m/s, which is comparable with the sound velocity. A decrease of the temperature from
300 K down to 170 and 77 K changes the type of deformation curves from a jump-like to a smooth one. An
interesting low temperature anomaly of deformation process was found: “slow” (with a rate of approxi-
mately 10−6 m/s) propagation of a single macroscopic shear band is observed at 170 and 77 K. When the
samples are cooled to 4.2 K their macroscopic plasticity vanishes, and they undergo fracture, just as at

ropag
300 K, as a result of the p

. Introduction

Presently, the mechanisms of plastic deformation in bulk amor-
hous metallic alloys (BAMAs) are rather uncertain and provoke
uch disputation [1–4]. Visual observations of the surfaces on

pecimens deformed at room and lower temperatures show that
lastic flow in BAMAs is not homogeneous: it has the stages of
ucleation and propagation of shear bands [1–3,5].

We have detected a new experimental fact: the propagation
elocity of the macroscopic plastic shear in the bulk metallic
lasses Zr64.13Cu15.75Ni10.12Al10 and Zr62Cu15.5Ni12.5Al10 decreases
y many orders of magnitude as the specimen is cooled from 300
o 170 and 77 K. This phenomenon is the subject of this paper.

. Experimental technique

The bulk amorphous metallic alloys Zr62Cu15.5Ni12.5Al10 and Zr64.13Cu15.75

i10.12Al10 were produced at the Institut National Polytechnique de Grenoble

France) and at the Institute for Materials Research (Tohoku University, Japan), cor-
espondently, according to procedures described in [6,7]. The X-ray diffractograms
f specimens show their fully amorphous state. The stress (�)–strain (ε) curves are
ecorded under uniaxial compression of the specimens (cylinders 4 mm long and
mm in diameter) in a stiff deformation machine at the 3.5 × 10−4 s−1 initial strain-

∗ Corresponding author. Tel.: +380 573410831; fax: +380 573403370.
E-mail address: tabachnikova@ilt.kharkov.ua (E.D. Tabachnikova).

925-8388/$ – see front matter
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ation of the catastrophic shear band with nearly sound speed.

rate and T = 300, 220, 170, 77 and 4.2 K. The stress (�) was determined as the ratio of
the load to the initial cross-sectional area of a sample, and the value of strain (ε) was
calculated as the ratio of the change of the length of a sample due to plastic strain to
its initial length. The measurement accuracy was ±1 MPa (�) and ±0.1% (ε). Values
of the activation volume were calculated from the strain-rate sensitivity according
to the relation suggested in [8] with the assumption that amorphous alloys plastic
deformation has the thermally activated character.

The activation volume of the plastic deformation process was estimated at the
stage of easy glide (T = 300, 170 and 77 K) by cycling the deformation rate [8].
Some specimens were unloaded before their failure so that we could investigate
the changes in their shape. The lateral and fracture surfaces of the deformed spec-
imens were investigated using a metallurgical MIM-7 microscope and a Hitachi
S4800 scanning electron microscope at an accelerating voltage of 15 kV.

3. Results and discussion

Both studied bulk amorphous metallic alloys have shown the
same mechanical behavior and all information in this section con-
cerns each of them.

The typical stress–strain curves of the studied alloys taken at dif-
ferent temperatures are shown in Fig. 1. It is seen that at T = 300 K
the �–ε curves have practically one stage—the stage of easy glide.
At this stage the plastic deformation is serrated and the lateral

surfaces of the specimens have narrow shear bands. At ε ∼ 3–4%
the specimen suffers uncontrollable catastrophic failure caused
by the propagation of a macroscopic shear band whose veloc-
ity (∼103 m/s) is comparable to the sound velocity. The failure is
accompanied by an intense acoustic pulse.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:tabachnikova@ilt.kharkov.ua
dx.doi.org/10.1016/j.jallcom.2009.11.056
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ig. 1. Typical stress–strain curves taken at T = 300, 170, and 77 K of the
r64.13Cu15.75Ni10.12Al10 bulk amorphous metallic alloy (inset: the temperature
ependence of the yield strength).

The process of deformation is greatly influenced by the decrease
n the temperature first to 170 K and then to 77 K (Fig. 1). The
tress–strain curve becomes phased. The initial short stage with a
igh hardening coefficient is followed by a short plateau with a zero
ardening coefficient. Then the �–ε curve becomes smooth with
o jumps in the stress. The lateral surfaces exhibit narrow glide
ands making a ∼45◦ angle with the compression axis. On a fur-
her loading a “softening” stage appears after the easy glide region
Fig. 1). At this stage the deforming stress decreases smoothly and
he strain amounts to ∼15%. The softening stage observed for the
pecimen under deformation corresponds to the macroscopic shear
train that is localized within one narrow band and shifts one part
f the specimen relative to the other (Fig. 2). Note that the propaga-
ion of the macroscopic shear deformation is not an avalanche-type
rocess: the shear rate within a band is not more than 2 × 10−6 m/s

see Fig. 2). It is possible to stop loading at the softening stage and
nload the specimen avoiding its complete failure. By doing so, we
an observe a macroscopic shear through the whole section of the
pecimen (Fig. 2). The view of the surface in the region of the “slow”

ig. 2. The sample shape of Zr64.13Cu15.75Ni10.12Al10 bulk amorphous metallic alloy
fter deformation at T = 170 K (note: the specimen is not destroyed, the loading was
topped at ε ∼ 17%).
Fig. 3. Typical pattern of the specimen fracture surface after a “slow” shear,
Zr64.13Cu15.75Ni10.12Al10, T = 170 K, (the macroscopic picture of an incomplete shear
is shown in Fig. 2).

macroscopic shear (see Fig. 2) is shown in Fig. 3. The shear surface
has no “vein” pattern [9] typically observable in the fracture surface
of BAMA at T = 300 and 4.2 K and pointing to intensive local heating
of the catastrophic shear surface in the process of the specimen fail-
ure. It is therefore reasonable to assume that no intensive heating
occurs at the fracture surface of the specimens deformed at T = 170
and 77 K.

As the temperature of the experiment decreases to 4.2 K, the
stage of macroscopic plastic deformation disappears from the �–ε
curve. The lateral surfaces have no narrow shear bands either. The
specimens fail before reaching their yield point. The failure pro-
ceeds in an uncontrollable catastrophic way (like at T = 300 K) and
the fracture surface exhibits the characteristic “vein” pattern. Note
that at the temperatures used in the experiment the fracture is
always along the plane making a ∼45◦ angle with the compression
axis.

The inset in Fig. 1 shows the temperature dependence of the
conventional yield strength �0.2 (the highest achievable stress is
shown for T = 4.2 K). The growth of �0.2 at lowering temperature
suggests that the plastic deformation in the interval 300–77 K is a
thermally activated process.

The activation volume V of plastic deformation estimated at the
starting stage of easy glide is about 20 a3 (a is the interatomic
spacing) and is practically independent of temperature within
the temperature region of the experiment. The models [10,11]
analyzing heterogeneous plastic deformation in BAMAs consider
different physical mechanisms of the formation and propagation
of shear bands but they all use practically the same value of activa-
tion volume (∼10 a3). For example, V ≈ (r/a)1/2 a3 ∼ 10 a3 (r is the
nanocluster size) in the model [10] which describes the atomic
structure of BAMAs on the basis of a set of experimentally detected
polyclusters and assumes that glide bands are produced by the
thermally activated motion of the edge of the internal boundary
between the clusters. Another model [11] assumes that plastic
deformation in BAMAs is caused by the glide bands generated by
thermally activated cooperative shear in the regions with exces-
sive concentrations of free volume. In this case V ∼ 10 a3. Thus, our
V value is very close to theoretical estimates [10,11] and we are
unable to identify the physical mechanism mainly responsible for
the formation and propagation of shear bands in the process of

plastic deformation in the alloy investigated.

The disappearance of the intermittent flow in the stress–strain
curve observed in this study at lowering temperature was reported
previously for other BAMAs [5,12,13] and discussed on the
basis of the hypothesis of thermally activated structural relax-



lloys a

a
p

t
d
t
m
t
i

m
t
t
b

A

T
b
o

Molokanov, J. Mater.Sci. 35 (2000) 17.
E.D. Tabachnikova et al. / Journal of A

tion in the region of shear deformation provoked by diffusion
rocesses.

The new low temperature feature detected in this study, namely,
he anomalous behavior of plasticity showing up as localization of
eformation within one band and a drastic decrease (as against
he T = 300 K case) in the propagation velocity of macroscopic shear

ay indicate that the heat dissipated at the band front has enough
ime to escape outwards. This allows no intensive local heating and
mpedes a catastrophic propagation of shear.

To explain the detected low temperature anomaly of plasticity
ore adequately, further experimental and theoretical investiga-

ions are necessary, in particular more detailed measurements of
he rate and temperature dependences of this phenomenon would
e helpful.
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