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Large plasticity is observed during uniaxial macroscopic compression of Zrs; Cu1gNijoAl;o bulk metallic
glass. Nanoindentation experiments, performed on the as-cast and compressed specimens, confirm the
enhanced plasticity after compression. Indeed, the ratio between the plastic and the total indentation
energies, Upi/Uto, is larger in the compressed sample than in the as-cast alloy. Furthermore, in both sam-

ples, Uy /Uror tends to progressively increase with the maximum indentation applied load, thus confirming
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the tendency towards enhanced plasticity as deformation proceeds. Transmission electron microscopy
reveals that deformation (induced either by macroscopic compression tests or nanoindentation) causes
partial nanocrystallization of the glass. This effect is likely to play a crucial role in the observed plasticity
and also results in mechanical hardening.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Due to their amorphous character and the concomitant lack
of dislocations and grain boundaries, bulk metallic glasses (BMG)
exhibit a variety of mechanical properties that are often superior to
those of crystalline metals and ceramics. For example, they can be
twice as strong as conventional steels, exhibit more elasticity than
ceramics and be less brittle than most oxide glasses [1,2]. These
materials also show good corrosion and wear resistance and can be
easily deformed without fracture (i.e., similar to polymers) when
heated within the supercooled liquid region (i.e., between the glass
transition and the crystallization temperatures). However, unlike
crystalline materials, the deformation behavior of metallic glasses
at room temperature is usually inhomogeneous: plastic flow is
accommodated in narrow shear bands originated from the coales-
cence of free volume. As a result, BMG usually fracture in a brittle
manner with plastic strains lower than 2%.

In recent years, it has been reported that certain BMGs (e.g.,
some Zr-, Pd-, Pt- or Cu-based ones) can exhibit values of plas-
tic deformation around 20% or more when compressed at room
temperature [3-6]. Although there are some intrinsic parameters
(e.g., high Poisson’s ratio) that favor large plasticity and toughness
[4,7], impressively large values of plastic strains have been mainly
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attributed to either nanoscale phase separation (i.e., chemical
decomposition) [3,8] or nanocrystallization occurring by the com-
bined action of the applied shear stresses and the temperature rise
during deformation [6,9]. These local structural inhomogeneities
favor multiple branching of shear bands, which interact with each
other, thus avoiding catastrophic failure caused by rapid propaga-
tion of a single shear band. With the goal of enhancing plasticity,
fine particles can be introduced ex situ (i.e., during casting) to
form nanocomposite materials [10] or, as pursued in this work,
nanocrystallization can be induced in situ during the course of
deformation experiments. A significant plasticity enhancement can
also be achieved by precise control of the residual stress by means
of surface treatments, again with the aim of promoting extensive
shear band activity [5].

The effects of plastic deformation (induced by bending, rolling,
nanoindentation or macroscopic compression) on the microstruc-
ture and properties of bulk metallic glasses are, in fact, under
discussion [1]. It is generally accepted that plastic flow leads
to dilatation (i.e., creation of free volume) [11,12], an effect
which has been characterized by different experimental techniques
such as calorimetry, density measurements, synchrotron radia-
tion or positron annihilation [13-15]. Dilatation causes mechanical
softening leading, for example, to an indentation size effect
[16,17]. Whether additional microstructural features occur upon
deformation (phase separation, nanovoids formation or nanocrys-
tallization) depends on the exact glass composition and the applied
shear stress. In addition, several other factors, such as the tem-
perature rise due to localized heating at shear bands, enhanced
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atomic diffusion caused by excess free volume or presence of pre-
existing quasicrystalline nuclei prior to deformation, can explain
deformation-induced nanocrystallization. Contrary to the accumu-
lation of free volume, nanocrystallization often causes mechanical
hardening, an effect which has been recently investigated in several
families of BMG [1,18,19].

In this work, we investigate the changes in microstructure and
mechanical behavior (with particular emphasis on the induced
plasticity) of Zrg,CuygNijgAl1g bulk metallic glass during uniaxial
macroscopic compression and nanoindentation. This alloy exhibits
very large plasticity during compression tests. The normalized
indentation plastic energy is larger in the compressed specimen
than in the as-cast alloy and, remarkably, this energy increases
with the indentation applied loads. These effects are ascribed to
deformation-induced nanocrystallization, which is investigated in
detail by transmission electron microscopy.

2. Materials and methods

A master alloy with composition Zrg;CuygNijgAl;p was prepared by arc melt-
ing a mixture of the pure elements in an Ar atmosphere. Rods of 2 mm in diameter
were obtained from the melt by copper mould casting. The amorphous character of
the as-cast sample was verified by X-ray diffraction (XRD) and transmission elec-
tron microscopy (TEM) equipped with selected area electron diffraction (SAED). The
thermal stability of the system was investigated by differential scanning calorimetry
(DSC).

Macroscopic compression tests were performed on cylindrical specimens, cut
to a perfect orthogonal geometry with an aspect ratio of 2:1, and measured at room
temperature at an approximately constant loading rate of 1.8 x 10~#4s~'. Care was
particularly taken to ensure that both surfaces of the rod were initially flat and
parallel to each other prior to the compression test. The compression experiment
was carried out by placing the glassy rod between two WC platens which were also
flat and parallel to each other. The overall plasticity of the alloy and the value of
yield stress were evaluated from these macroscopic compression tests.

Nanoindentation experiments were performed at room temperature, in the load
control mode, using a UMIS equipment from Fischer-Cripps Laboratories, equipped
with a Berkovich pyramidal-shaped indenter tip, applying maximum loads ranging
from 2 mN to 100 mN. A load holding period of 20 s was introduced in all cases before
unloading and the thermal drift was always kept below +0.05 nms~'. A total of 30
indentations for each loading condition were performed to verify the accuracy of the
indentation data. Prior to nanoindentation, the specimens were carefully polished
to mirror-like appearance using diamond paste. The hardness values were evaluated
at the beginning of the unloading segment, using the method of Oliver and Pharr
[20], after proper corrections for the contact area, instrument compliance and initial
penetration depth. The exact procedure used to measure H and E is based on the
assumption that unloading is fully elastic. It can then be shown that the amount of
material sink-in, hs, during indentation is given by [20]:

ho= g T M

where ¢ is a constant that depends on the geometry of the indenter (and is equal
to 0.75 for a Berkovich indenter) and S is the contact stiffness, which is calculated
from the slope of the unloading curve:
_dp
~ dh

It follows that the indentation contact depth can be expressed as:

S (2)

P,
hc:hmax—g% (3)

The projected contact area is then a function of the contact depth, i.e., A=F(h).
This function depends on the geometry of the indenter and for an ideal Berkovich
indenter is given by:

A=24.56h2 (4)

However, the area function must be carefully calibrated by independent measure-
ments on a calibration sample (typically fused quartz) so that deviations from ideal
sharp indenter geometry are taken into account. For the calibration, a series of inden-
tations are made to different depths. The plot A versus h. is then fitted using a
polynomial function:

8
A= Zq(hc)” (5)
n=0

In this expression C, are constants, where the first one, Cy = 24.56 describes the per-
fect Berkovich indenter and the others describe deviations due to blunting of the tip.
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Fig. 1. The true strain-stress curve obtained from the uniaxial compression test
of the as-cast Zrg;CuygNijoAljp. Inset (a) is a scanning electron microscopy image
showing the shear bands formed at the outer lateral surface of a compressed speci-
men. Inset (b) shows a magnified view of the serrated flow region of the compression
test. Inset (¢) shows optical microscopy images of the compressed specimen (cross
sectional and lateral views).

Once the contact area and stiffness are calculated, the hardness and elastic modulus
are readily obtained. The hardness is calculated using the following expression:

_Pmax
H="73 ()

Evaluation of the elastic modulus follows from its relationship with the contact area
and the measured unloading stiffness:

2
S:ﬂﬁ&ﬂ (7)

where f is a constant that depends on the geometry of the indenter (8=1.034 for a
Berkovich indenter) and E; is the so-called reduced elastic modulus defined by:

11— 1-2
R + L
E, E E;

(8)

The reduced modulus takes into account the fact that elastic displacements occur in
both the specimen, with Young’s modulus E and Poisson’s ratio v, and the indenter,
with elastic constants E; and v;. Note that for diamond E; =1141 GPa and v; =0.07.
Finally, the elastic and total energies during nanoindentation are calculated as the
areas between the unloading curve and the displacement axis (U ) and between the
loading curve and the displacement axis (Utot ). The plastic energy, Uy, is obviously
the difference Uit — Ue.

Transmission electron microscopy (TEM) observations, using a JEOL-2011 oper-
ating atan accelerating voltage of 200 kV, were carried out in the as-cast, compressed
and indented specimens. In the latter case, thin disks of 2 mm in diameter were cut
into 200 wm thick slices with a diamond bladed saw. These slices were mechan-
ically polished to achieve a mirror-like appearance. After indentation, the center
of the specimen was thinned down to 20 wm using a mechanical dimple from the
side opposite to the indented surface. lon milling was then performed, again only
on the side opposite to the indented surface. Exactly the same cutting and polish-
ing procedures were applied to prepare the as-cast and compressed/indented TEM
specimens.

3. Results and discussion

The XRD pattern of the as-cast Zrg,CuigNijgAl;g sample (not
shown) consisted of broad diffraction halos without any detectable
trace of crystalline peaks, indicating the amorphous nature of the
sample. The DSC curve, measured on the as-cast sample at a heat-
ing rate of 40 K/min, revealed a glass transition at T;=670K and a
supercooled liquid region of 98 K.

Shown in Fig. 1 is the true stress-true strain curve obtained
under uniaxial compression of the Zrg,Cu;gNijgAlyo alloy. From
the compression experiments, the values of yield stress, oy, and
Young’s modulus, E, are: o, =1.55 GPa and E = 86 GPa. Remarkably,
the sample was compressed without fracture up to 120% strain
deformation. The compression curve shows some peculiarities
(i.e., successive softening/hardening periods) which, as reported
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Fig. 2. Transmission electron microscopy (TEM) images of (a) the as-cast
Zrs2CuysNiqpAlyg alloy and (b) the same alloy after being compressed up to 120%.
The TEM images reveal the amorphous nature of the as-cast sample and the appear-
ance of some nanocrystallites when the sample is compressed. The corresponding
SAED patterns are shown in the insets.

by other authors, have to be mainly ascribed to the increase of
friction between the sample and the tungsten carbide platens due
to the reduction of the length/width aspect ratio of the specimen
[21,22]. This behavior is often encountered in BMG alloys exhibit-
ing significant plasticity [3,22,23]. It should be noted that the final
cross-sectional area of the compressed specimen is much larger
than the initial one (i.e., increasing from 2 to approximately 4.5 mm,
thus representing more than a two-fold increase) but the two sur-
faces of the disk-shaped specimen remain virtual parallel to each
other after compression [see inset (c) in Fig. 1]. Inset (a) of Fig. 1
shows the occurrence of abundant shear bands at the outer surface
of the compressed specimen. As a result, the stress-strain curve
shows some serrations [see inset (b) in Fig. 1], as typically found
in BMG during compression [1,17,24]. Note that shear bands form
along various directions, sometimes bifurcating and intersecting
each other. Furthermore, some shear bands exhibit wavy trajec-
tories. This indicates that during their propagation, these bands
encounter harder regions (presumably crystallites) and are forced
to deviate. This avoids premature fracture of the specimen result-
ing from the rapid propagation of a single shear band, as it occurs
in brittle BMG systems.

The great plasticity observed in this material should be ascribed
to deformation-induced phase separation or nanocrystallization,
since the Poisson’s ratio of this alloy is not particularly large
(v=0.378), as compared to other BMG exhibiting much less plas-
tic toughness. To shed light onto this issue, TEM imaging was
performed on the as-cast and compressed specimens. Observa-
tion by TEM reveals a clear difference in the microstructures of
both samples (Fig. 2). While the as-cast sample shows a homo-
geneous, featureless microstructure [Fig. 2(a)], the microstructure
of the compressed samples [Fig. 2(b)] consists of a bright matrix
containing darker embedded regions, with sizes around and below
10 nm. The fully amorphous structure of the as-cast specimen was
confirmed by the selected area electron diffraction (SAED) pattern
[see inset in Fig. 2(a)], where only amorphous halos were detected.
Conversely, some diffraction rings could be observed in the SAED
pattern of the compressed specimen [inset in Fig. 2(b)]. The second
ring in the SAED pattern, indicated with an arrow in the inset of
Fig. 2(b), is located at d =0.20 nm, which agrees with the interpla-
nar distance of the (3 10) planes in tetragonal Zr,Ni (space group
[4/mcm, a=0.649 nm and ¢=0.527 nm). The most intense ring of
this phase, i.e. the (21 1) ring, would appear at d=0.254 nm, thus
coinciding with the amorphous halo [25]. It should be noted that
Zr,Niis actually one of the first phases to crystallize during thermal
annealing of Zr-based glasses with similar composition to the alloy
investigated in our work [26]. Overall, the TEM results confirm that
deformation promotes nanocrystallization of this Zr-based BMG.

In order to better understand the deformation behavior of
the Zr-based metallic glass, nanoindentation tests were per-
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Fig. 3. Load-displacement (P-h) indentation curves (maximum load 100 mN) cor-
responding to the as-cast and compressed Zrg;CuygNijgAlyo samples. Shown in the
inset is a dark field TEM image of an indent performed using a maximum load of
10 mN. Together with the image is the selected area electron diffraction (SAED)
pattern, with one of the rings marked in white, from which the dark field image
was obtained. TEM images confirm the existence of nanocrystallites in the indented
regions of the glass.

formed at different maximum applied loads (Pmax) both in
the as-cast and in the compressed specimen. Shown in Fig. 3
are the load-displacement indentation curves corresponding to
Pmax =100mN. It is remarkable that the maximum penetration
depth is larger for the compressed disk than for the as-quenched
rod. This may suggest the occurrence of a mechanical softening
during deformation, an effect that is sometimes observed in BMG
as a result of the net creation of free volume [16,17]. Actually, the
overall dependence of hardness, H, on Pmax, shown in Fig. 4(a), is
somehow unexpected. Namely, although mechanical softening is
indeed observed during indentation of the compressed specimen,
H tends to progressively increase with Ppax in the as-cast alloy.
This effect has been recently investigated in detail and has been
interpreted as a result of the competition between indentation-
induced nanocrystallization, which induces mechanical hardening
in the as-cast alloy, and the increase in the overall amount of free
volume (and concomitant mechanical softening) with the applied
indentation shear stress [18]. An example of nanocrystallization,
induced by nanoindentation, is shown in the inset of Fig. 3 which is
adark-field TEM image from the diffraction spot highlighted in cor-
responding SAED pattern. The deformation-induced nanocrystals
seem to be Zr,Ni, the same phase as in the sample subjected to com-
pression test. The Young’s modulus obtained by nanoindentation is
around 90 GPa for all indentation conditions, thus in good agree-
ment with the value obtained from the macroscopic compression
experiments.

It is also interesting to investigate the evolution of the elastic
and plastic indentation energies as a function of Ppax. It is rather
obvious, already in Fig. 3, that the area between the load and the
unload segments of the indentation curves (which is representa-
tive of Upy) is larger in the compressed sample than in the as-cast
alloy. The overall dependences of U, Uy and Uit on the maxi-
mum indentation load for both the as-cast and the compressed
Zr-based alloys are shown in Fig. 5. As expected, all indentation
energies increase with the applied load since the area underneath
the load/unload segments also increases with Ppx. However, it is
remarkable that while a clear difference is observed in the evolution
of U,; when comparing the as-cast and compressed specimens, the
dependence of U on Ppax is virtually the same for both specimens.
Consequently, the ratio Up/Utot is larger in the compressed BMG
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Fig.4. Dependences of hardness, H, and the ratio Up /Uror (Where Uy and Uy denote,
respectively, the plastic and total indentation energies), on the maximum applied
load during indentation, P, for both the as-cast and the compressed Zrg, CuigNijoAl1o
samples. Note thaterror barsin H(+0.1 GPa) and Uy, /Uyot (+0.002) would be included
within the size of the symbols.

than in the as-cast one [see Fig. 4(b)]. This result is in agreement
with the enhancement of plasticity of the Zr-based BMG observed
during macroscopic compression. Interestingly, the ratio Up/Utot
also increases with Ppax (i.e., as indentation proceeds, particularly
for loads smaller than 25 mN), both for the as-cast and for the com-
pressed specimens [Fig. 4(b)]. It should be noted that the values
of Uy /Utot shown in Fig. 4(b) are in agreement with those reported
for Zr50CU40Al10 (Upl/UtOt ~0.6 [27]) and CU46_25ZI‘45_25A17_5E1‘] BMG
(Up1/Utot ~0.7 [28]) and clearly larger than for brittle Fe-based BMG
(Upt/Utot ~0.37 [19]). In fact, the ratio Up,/Utor has been sometimes
used to characterize the mechanical behavior of brittle materials
which are often difficult to test using macroscopic tensile tests [29].
Remarkably, most brittle materials (like ceramics) show relatively
low Uy, /Utot values (around 0.3-0.4 for SiC or Al;03), whereas duc-
tile metals (like Cu or Al) can show Uy, /Ut values larger than 0.9
[29].
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Fig. 5. Dependences of: (a) the elastic energy, Ue; (b) the plastic energy, Up; and (c)
the total energy, Uior, on the maximum applied load during indentation, P, for both
the as-cast and the compressed Zrs; Cu1gNijgAljo samples. Note that the error bars
would be included within the size of the symbols.

Similar to the interpretation for the large plasticity induced
during uniaxial compression, the increase of the indentation plas-
tic energy with the maximum applied load is likely to be related
to deformation-induced nanocrystallization. In addition, the net
creation of free volume induced by deformation [1,15-17], which
enhances the overall atomic mobility and promotes the formation
of shear bands (where excess free volume coalesces), can con-
tribute as well to the observed increase of Upl /Utot. Finally, it should
be noted that the ratio Ug/Utor (Where Ug =Utot — Up) decreases
after compression or as indentation proceeds, indicating that elas-
tic recovery in BMG is susceptible to the prior deformation history
of the glass. However, such a decrease in Ugj /Uit is mainly due to
the increase of plastic energy induced by deformation, rather than
to changes in Uy, as indicated in Fig. 5.

4. Conclusions

Nanoindentation measurements, performed on as-cast and
compressed Zrg; CuygNijgAlyg alloys, at different maximum applied
loads, reveal an increase of plastic energy during deformation. For a
given indentation load, the indentation plastic energy is also larger
in the compressed specimen than in the as-cast alloy, while the
elastic energy is similar for both cases. These trends in indentation
plastic work are in agreement with the large plasticity observed
during macroscopic compression tests of this material. Transmis-
sion electron microscopy showed the formation of nanocrystals
after uniaxial compression and indentation, which presumably
explains the observed large plastic strains.
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