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Abstract

Fully amorphous and partially crystallized MgecNi,Nd;4 and partially crystallized MggCus Y19 alloys were indented and, subsequently, thinned
along the cross-section of the indent by means of a focused ion beam (FIB) for transmission electron microscopy (TEM) observation. Depending
on the crystallized fraction and the crystal size, the volume deformed under the indenter tip shows different features that can be associated with
the different ability of the shear bands to propagate in the two partially devitrified metallic glasses.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that plastic flow in metallic glasses is local-
ized in narrow regions called shear or slip bands, which are
characterized by an excess of free volume [1,2]. The first trans-
mission electron microscopy (TEM) observations of shear bands
showed thicknesses between 10 and 60 nm, depending on testing
conditions [3]. On the basis of the electron diffraction patterns
and dark-field images, shear bands seem to contain low-density
material due to the presence of voids with a diameter between 0.3
and 0.8 nm [3]. More recently, Li et al. [4] observed, by means of
quantitative high-resolution transmission electron microscopy
(HRTEM), the presence of nanometer-scale voids within shear
bands, which were correlated with the coalescence of excess free
volume following plastic flow.

The activity of shear bands can be revealed by instrumented
indentation techniques. In the last few years several authors
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[5-8] reported the presence of constant-load steps in the loading
curve, which are related to the serrated plastic flow typical of a
metallic glass. A detailed analysis of the pop-in events can be
found in Refs. [9,10]. The effect of crystal size on the nanoin-
dentation response and shear-band propagation in a partially
crystallized metallic glass is reported in Ref. [7]. The different
behaviour of two partially devitrified Fe-based alloys with differ-
ent crystal sizes can be explained by assuming that only crystals
larger than the shear-band thickness are able to deflect or stop
their propagation. When the crystal diameter is of the same order
of magnitude as the shear-band thickness, their propagation is
not affected by the presence of the crystals.

2. Experimental

Amorphous rods of composition MgenCuzgY 9 and MgesNizgNdj4 (nom-
inal composition, at.%) were prepared by casting in a copper mould. Partial
crystallization of the samples was achieved by isothermal annealing. Structural
characterization of the samples, both fully amorphous and partially crystallized,
was performed by X-ray diffraction (XRD) with Cu Ka radiation. Depth-sensing
indentation was carried out using a Nanotest 600 instrument (Micro Materi-
als Ltd., UK) fitted with a Berkovich indenter. Penetration depths were in the
range of 0.2-1.8 wm, and the loading and unloading rate ranged from 0.5 to
10.0mNs~!. Values for the hardness and elastic modulus were obtained from
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the loading and unloading curves, respectively, according to the analysis method
reported in Ref. [11]. Transmission electron microscopy was performed on a
Philips CM30 TEM at 300kV. Samples for TEM observations were thinned
along the cross-section of the indents in an FEI FIB200 workstation (see Ref.
[12] for details). A protective Au layer was sputtered on the sample surface
before imaging in the FIB. A small strip of Pt was deposited over the indent in
the FIB before milling was commenced. Air corrosion of the freshly indented
MgesNizgNd4 was precluded by covering the surface with mounting wax.

3. Results
3.1. MgeoCuspYjo

The loading curves in Fig. 1 (Ioading rate of 1.0 mN s~ !) show
the presence of constant-load steps, corresponding to the initia-
tion and propagation of the shear bands, both in the case of the as-
cast BMG (curve (a)), and of a partially crystallized sample after
annealing at 185 °C for 11 min (curve (b)). The partially devitri-
fied sample, containing orthorhombic Mg,Cu crystals, shows
a higher hardness (H=4.0+0.1 GPa) and Young’s modulus
(E=60.0£ 0.5 GPa) than the as-cast BMG (H=3.34+0.1 GPa
and E=51.541.5GPa). In the partially crystallized samples,
the average crystal diameter, estimated from the broadening of
the XRD peaks, is less than 70 nm.

Fig. 2(a) shows the intersection between one shear band and
the sample surface, suggesting, in accordance with the nanoin-
dentation curve, that the band propagation is not affected by
the presence of the crystals. The Fresnel image at a defocus of
+10 pm in Fig. 2(b) shows the presence of Mg, Cu crystals, with
diameter between 30 and 80 nm, together with regions (marked
by arrows) where some of the density change associated with
the shear bands did not relax completely, possibly due to the
presence of the crystals. It can be ruled out that the crystallites
visible below the indenter tip in Fig. 2(a) are stress-induced,
since no crystals are observed under any indents other than the
one in Fig. 2(a).

Fig. 3 shows a dark-field image, with the selected-area
diffraction (SAD) from the first diffracting ring for the same
indented region as that in Fig. 2(b). The contrast between the
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Fig. 1. Depth-sensing indentation loading and unloading curves for
MgeoCuzoY 0. Constant-load steps, associated with the nucleation and prop-
agation of shear bands, are visible upon loading for both the as-cast BMG:
curve (a) (maximum load 120 mN); and the partially crystallized glass: curve
(b) (maximum load 190 mN).
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Fig. 2. (a) Bright-field image of an indent profile (penetration depth 900 nm)
where a shear band intersects the surface of partially crystallized MgeoCuzpY 0.
(b) Fresnel image (defocus of +10 pm) of the region below an indent (penetration
depth of 700 nm). The arrows indicate the presence of shear bands, which did
not relax completely.

region beneath the indent, diffracting less strongly, and the unde-
formed surrounding volume suggests that local modification of
the structure has occurred.

3.2. MgessNizoNd 4

The loading curves of Fig. 4 show that the constant-load
steps observed in the as-cast BMG (curve (a)) disappear after
partial crystallization (curve (b)). The precipitation of hexag-
onal Mg, Ni crystals in the remaining amorphous matrix leads
to values of hardness (H=4.3 £ 0.1 GPa) and Young’s modulus
(E'=72 £ 2 GPa) higher than those for the fully amorphous sam-
ple (H=3.4+0.2GPaand E=57 £ 1 GPa) at a load of 300 mN.

The bright-field image of Fig. 5(a), related to the cross-section
of an indent with a depth of 400nm in partially devitrified
MgeeNixgNdi4, shows no evidence of shear bands intersecting
the sample surface, but exhibits a low-density region, full of
voids, just below the tip of the indent. The size of this region

Fig. 3. Partially crystallized MgeoCu3Y19: dark-field image (SAD on the first
diffracting ring) of the same indent profile as the one in Fig. 2(b). A contrast
between the region beneath the indent, diffracting less strongly, and the unde-
formed surrounding volume is visible.
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Fig. 4. Loading and unloading curves for MgesNipoNd 4. The constant-load

steps, present in the loading curve of the as-cast BMG (a), disappear in the
partially crystallized sample (b).

Fig. 5. Indent cross-section (penetration depth 400 nm) in partially devitrified
MgesNizgNdy4. (a) Bright-field image. Corresponding to a porous region sur-
rounding the tip, the indent profile becomes steeper suggesting that the material
did not recover elastically after deformation. (b) Dark-field image with aperture
on the second diffracting ring. Equiaxed (30-40 nm diameter) and elongated
crystals (70 nm x 250 nm), both corresponding to hexagonal Mg;Ni, are visi-
ble.

does not seem to be dependent on the indentation depth or the
applied load, since the same extent (~150-200 nm) is observed
under indents with depths ranging from 200 to 1700 nm. The
white lines show that the indent profile becomes steeper corre-
sponding to the low-density region, as if the material had not
recovered completely after the deformation. Such features are
not observed in the as-cast BMG.

The crystallized volume, comprising equiaxed (30—40nm
diameter) and elongated crystals (~70nm x 250 nm), is esti-
mated at around 50%. The average crystal diameter deduced
from the broadening of the XRD peaks is about 200 nm. The
diffraction rings of Fig. 5(b) confirm that the crystals match the
hexagonal structure of Mg, Ni (a=0.5198 nm, i =1.321 nm).

4. Discussion

The presence of the constant-load steps in the loading
curves of MggoCu3zgY g for different crystallized fractions was

explained by suggesting that, for low-crystallized fraction, the
crystals are not large enough to inhibit shear-band propagation
and, for a higher crystallized fraction, that the plastic defor-
mation partially occurs in the crystals through conventional
dislocation glide [10].

The change in contrast between the region below the indent
and the undeformed surrounding area, shown in Fig. 3, can be
explained by a local structural modification such as the for-
mation of short/medium-range order in the zone undergoing
deformation. Similar features were observed after relaxation
upon annealing, when the free volume annihilation in the glass
leads to a topological (or chemical) short-range ordering of the
atoms (see Ref. [13] and references therein).

In the case of partially crystallized MggsNizgNd;4, the most
interesting results are the low-density region and the non-linear
profile of the indent cross-section. Concerning the presence of
these two features, the possible presence of an artefact due to
the removal of some material during the FIB procedure was
taken into account. First of all it should be acknowledged that
FIB is one of the most suitable techniques for thinning brit-
tle, highly stressed and inhomogeneous materials [14,15], and
probably the only one for cross-sectioning such small indents.
If the voids had been induced by FIB thinning they should
be visible across the whole sample rather than being local-
ized in the indented region. In our case, the region immedi-
ately below the indent was highly stressed after withdrawing
the indenter, since the material was not able to recover elasti-
cally upon unloading. It might be thought that the voids were
caused by the removal of the brittle intermetallic MgyNi dur-
ing ion irradiation of this stressed region. Even if this were
the case, the presence of the voids would still be related to a
real feature of the material. In fact, the hypothetical removal
of the crystals would have occurred in selected regions, with
different properties (i.e. higher stress concentration) than the
surrounding material. The non-constant profile of the indent
cross-section was also unlikely to be caused by preferential
milling, since the layer of gold, deposited on the surface of the
indents prior to any ion irradiation, was still uniform after FIB
thinning.

The formation of the void region can be explained by free
volume coalescence [4] due to the collapse of the shear bands,
this originating from the indenter tip, which cannot propagate
because of the presence of crystals with diameter larger than
the shear-band thickness. Consequently, the material around the
indent cannot recover elastically, causing a change in the slope
of the indent profile.

5. Conclusions

In this work, nanoindentation, FIB and TEM techniques were
combined in order to study the effect of different crystal sizes
and crystal distributions on the propagation of shear bands from
the indenter tip through the remaining amorphous matrix in
MgeoCu3zo Y10 and MgesNizoNdi4.

In MggoCu3pYi9, the propagation of shear bands is
not affected by the presence of crystals with diameters
comparable to the shear-band thickness. The increase in
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density of the amorphous material below the indent tip
can be explained by the formation of short/medium-range
order.

In MgesNizoNdy4, shear-band activity is clearly disturbed by
crystals with diameter one order of magnitude larger than the
shear-band thickness. We propose that the low-density region
under the indent and the slope change of the indent profile are
due to the coalescence of the free volume contained in the shear
bands stopped by the crystals.
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