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ABSTRACT

A surface softening effect induced during copper-mould suction casting of bulk metallic glass is investigated
as a function of rod diameter and glass fragility index, m, by nanoindentation. A reduction in hardness and
reduced modulus at the rod surface is found to be favoured in small diameter castings and in fragile systems,
respectively resulting from limited in-situ annealing and from a greater diversity of metastable atomic
environments in the potential energy landscape of fragile glasses. Enhanced propensity for shear
transformation zone nucleation in the low moduli surface is explained in terms of reduced atomic
connectivity arising from a reduction in local co-ordination number and a lowering of the shear modulus.
Finally, the structure and mechanical diversity that is possible in as-cast bulk metallic glass rods is explored
through a relative quantification of shear modulus and plastic zone size across the whole as-cast state and in a
single rod. These findings illustrate the sensitivity of bulk metallic glass to preparation, especially in respect of

thermal history, potentially making replication of mechanical data between researchers problematic.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The mechanism through which bulk metallic glasses (BMGs) yield
involves the co-operative shearing of a local atomic environment,
proposed to be of the order of 100 atoms, termed shear transforma-
tion zones (STZs) [1]. The shear modulus, G, is believed to provide the
principal barrier to this event, although, based on models for shear in
an amorphous granular material where a small dilatational strain is
exerted on the surroundings, the bulk modulus, B also would be
expected to provide a contribution to the activation energy [2]. A band
of reduced viscosity subsequently propagates from the STZ, allowing
for plastic deformation, before void formation occurs in the band [3],
developing into a crack and causing failure. As plasticity is mediated
by both the nucleation of a shear band at an STZ and its subsequent
propagation, its attainment in BMGs requires that both these stages of
plastic deformation are understood, and that they may be controlled.

A local reduction in atomic bond density creates a more fertile site
for STZ nucleation. This is the principle central to the idea of Poon et al.
[4] which suggests that brittle behaviour, indicated by a low Poisson's
ratio, v, can be alleviated by a low ratio of local shear modulus to
global modulus, G*/<(G). Similarly, Cheng et al. [5] conceptually
separated the elemental (G.) and configurational (G.) contribution
to elastic moduli in BMGs, and believed that brittle alloy systems, such
as those based on Fe, Mg, Ce etc., require significant local reductions in
G to encourage multiple STZ nucleation. One might suggest that
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basing the prediction or explanation of plastic strain in BMGs on
measured global elastic moduli, such as by sound wave measurement
techniques, averages local perturbations in modulus, and so sensitiv-
ity to the dependence of mechanical behaviour on the ability for a
local structure to co-operatively collapse is lost.

A soft surface layer has been reported for a 2 mm diameter rod of
CusoZrsg in the as-cast condition [6]. Instrumented nanoindentation,
performed along a traverse from the edge of the casting towards the
centre, revealed a 13% drop in elastic modulus between the two ends
of the line which was ascribed to the differing cooling conditions at
the centre and edge during copper-mould casting of BMG rods
generating more atomic defects at the surface as compared to the
centre-line. The local moduli of this sample vary between the edge
and centre of the rod, and so a quantification of these moduli by
standard techniques will not provide sensitivity to the composite
nature of the rod, with respect to atomic environments.

Nanoindentation allows the structural response of a material to be
investigated in a controlled manner, typically without the risk of
failure in the case of more brittle materials. It has been implemented
to study the deformation characteristics and tendency for shear
banding in BMGs [7,8] and enables the probing of a small region,
where the generated shear stress ahead of the indenter is sufficient to
induce shear banding, without influencing the surrounding bulk. This
has led to the development of theory relating to shear band activity as
a function of loading rate [7] and temperature [8], through an analysis
of the extent of serrated flow, with the corresponding “pop-in” events
(arapid increase in depth with little or no increase in load) indicating
the activation of a shear band. In this study we use nanoindentation to
investigate and probe the extent of hardness and elastic modulus
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variation across as-cast and annealed BMG rods. This is performed as a
function of section diameter and with BMG composition, characterised
by the fragility index, m, which quantifies the rate of change of
viscosity as the glass transition temperature, T, is approached.

2. Experimental

Pd;7 5S116.5Cug, ZrgsCuysAl1oNi g and Ce;pAl;oCuyoNij o were selected
for this study owing to their range of fragility index values (52,30 and 21
respectively) and their differing propensities to demonstrate plastic
flow; selected properties can be found in Table 1. 10g ingots of
each alloy were generated by arc melting high purity constituents
(>99.6%) in an environment evacuated to 5x10~>Pa and then
backfilled with 1/3 of an atmosphere of argon. A Ti “getter” was melted
prior to sample melting to favour the creation of a localised high
vacuum, and ingots were flipped and re-melted four times to ensure
chemical homogeneity and complete melting. An in-situ copper-mould
suction casting facility enabled the production of amorphous rods, all
from the same ingot for a single alloy, with a range of diameters
(1 mm-4 mm). Their glassy structure was analyzed by x-ray diffraction
using CuKa radiation; thin slices were cut from the rod enabling the
probing of the structure through the entire cross-section. Diameters up
to the largest over which each BMG composition could be cast and
remain fully amorphous, within the limits of determination by the x-ray
diffraction technique, were used in this study; 3 mm for Pd; 5Si;55Cus,
4 mm for ZrgsCuy5Al1oNijg and 1 mm for Ce;Al;oCuqoNiqo. It would be
anticipated that Ce;oAl;oCu;oNi;g may display the largest glassy
diameter, as it is, on the basis of measured fragility index, the strongest
glass former. The inability to generate larger sections is considered to
originate from sensitivity to impurities acting as heterogeneous
nucleation agents; the large negative enthalpy of formation of Ce,03
(—1823 kJ/mol [11]) will drive the reaction of Ce with dissolved
oxygen, increasing the number density of nucleation sites, with these
potentially acting to promote crystal formation and thereby reducing
the glass forming ability of the alloy. Whilst the large negative enthalpy
of formation of rare-earth oxides can act as oxygen scavengers when
added in small amounts to base glass forming alloys, improving critical
diameters [12], as Ce;0Al1oCugNiyg is the glass forming composition it
may exhibit strong sensitivity to impurities with respect to glass
formation. After casting, BMG rods were sectioned on a slow speed
precision diamond cut-off saw and cold mounted in resin parallel to
the cut surface for subsequent grinding and polishing, giving a high
quality mirrored finish. Samples of the largest diameter cast for each
alloy were heat treated in a high vacuum furnace (5x10~4Pa) for 5
hours at 0.6 of the glass transition temperature (0.6Tg).

Nanoindentation was performed on a Hysitron Nanomechanical
Tester, fitted with a Berkovitch diamond tip, using an applied load of
6 mN with a load, hold and unload segment time of 5 s each, obtaining
hardness, H,, and reduced modulus, E,, data. H, is defined as the
maximum applied load divided by the resulting indent area and E, is
computed from Eq. (1) [13], where, respectively, E and E; are the
elastic moduli of the sample and indenter, and v and v; the Poisson's
ratios of the sample and indenter.
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Table 1
Selected properties for the alloys studied; elastic moduli (E, G and B), glass transition
temperature, Ty, plastic strain, &,, and fragility index, m.

E(GPa) G (GPa) B(GPa) Tg(K) & (%) m Ref
Pd77.5Si165Cug 88.8 315 167 635 104 52 29
ZresCuysAlioNijg  83.0 303 106.7 653 012 30 29
Ce0Al1oNijoCuo 303 115 27 359 0 21 2,10

E, thus provides a measure of the elastic modulus, though it
includes a contribution from the elastic properties of the indenter. H,
and E, profiles were obtained for the cross-section of each diameter
rod by performing indentation traverses from the edge of the rods to
the centre at 10 pm steps for the first 450-500 um and then in groups
of four steps at 100 pm intervals. This method permits increased data
acquisition in the region of interest (i.e. the rod surface). Three
parallel traverse lines were used with a spacing of 10 um between
them to obtain an average H, and E; for each location, aiding reduced
spread in the results.

3. Results

The unloading portion of indentation curves can be used to extract
data pertaining to H, and E, [13]. For the samples tested here, the
resulting reduced elastic modulus and hardness traverses can be seen
in Figs. 1 and 2 respectively. Reducing sample diameter induces a
reduction in H, and E, across the whole traverse, i.e. the statistical
average of all measurements decreases as rod diameter decreases;
this is considered, and hereafter called, a global softening effect, as it
would be expected that it would be perceived as such in conventional
mechanical tests on macroscopic specimens. Whilst pronounced
surface softening can be seen in some of the traverses, it is not
apparent in all; the magnitude of the effect decreases with increasing
sample size, and subsequently disappears beyond a critical size.

In order to compare the relative magnitudes of the softening
effect between the alloys, E; is used in place of H,. Work softening of
BMGs [14] is anticipated to potentially influence H,, the extent of
which will be a function of the local structure and is thus not
constant for each indentation. This may be the origin of increased
scatter in H, as compared to E, (see Figs. 1 and 2). Data for the
surface reduction in E, is contained in Table 2 where, in an attempt
to reduce the variation to a simple quantitative parameter, the edge
result is divided by that obtained in the centre, enabling direct
comparison without the relative magnitude of the values influenc-
ing the analysis. The Pd-based glass shows an almost identical effect
in the 1mm and 2 mm rods with a reduction of 13% and 12%
respectively in E, at the edge versus that of the centre-line. Although
the Zr-based glass shows the largest drop-off of 23% for 1 mm
diameter samples, this reduces to just 5% when the sample diameter
increases to 2 mm. ZrgsCu;sAl oNiqg therefore has increased sensi-
tivity to diameter with regard to the magnitude of the surface
phenomenon. Lastly, the Ce-based alloy shows only a slight decrease
in E, of 6% at the surface, the lowest for all the 1 mm specimens. It
can be seen that the more fragile Pd-based BMG can most favourably
retain a surface reduction effect, whilst the ability to do this is much
reduced for the least fragile Ce-based alloy.

Typical load/unload curves at varying locations and rod size can
be seen in Fig. 3. The loading curves for the Pd;;5Sijs5Cus and
ZresCuqsAl1oNiyg samples feature a number of pop-ins, indicating
that shear systems have been activated. Serrated flow is more
prevalent at the edge of the 1 mm rods than at the centre of both the
3 mm and 4 mm samples for Pd;;5Sijs5Cus and ZrgsCuysAl1oNiqg
respectively. Pop-in events are more restricted in the annealed
samples of the Pd-based and Zr-based alloys and in as-cast and
annealed Ce;oAl;oCuyoNijo. Maximum indenter penetration depth is
visible in Pd;75Si165Cug and ZrgsCuysAlioNijo specimens with the
lowest diameter and, during the load hold, some creep-like
phenomena are enhanced at the edge of the smallest samples for
each alloy. Depth penetration is restricted in the annealed alloys.
These results show a variation in hardness as a function of indenter
location, rod size and whether or not they have received an
annealing treatment; the smaller the diameter of the sample, and
the closer to the surface, the softer the structure is and the more
shear band activity is generated.
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Fig. 1. Reduced modulus, E,, profiles from the edge of as-cast BMG rods towards the
centre for (a) Pd;75Si165Cus, (b) ZrgsCuysAligNije and (c) Ce;oAl;oCuyoNije. Rod
diameter indicated on graph.

4. Discussion

Liu et al. derived an expression to relate defect concentration to
cooling rate, where proportionality between the two was suggested
[6]. As a result of the higher cooling rate at the surface of BMGs as
compared to the centre, it was considered that surface softening
of BMGs is universal and is thus present in all copper-mould suction
cast rods. The data presented here suggests differently and that the
extent of surface softening is dependent on two factors: 1) sample
size, and 2) glass fragility index. With regard to sample size, the
magnitude of the surface softening in the Pd- and Zr-based alloys is
seen to decrease with increasing sample size, despite the cooling rate
generally being higher at the surface of each casting. As the radial
distance over which heat is extracted increases however, the surface
will experience a slower cooling rate, allowing for more atomic
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Fig. 2. Hardness, H,, profiles from the edge of as-cast BMG rods towards the centre for
(a) Pd;75Sit65Cus, (b) ZresCuysAligNizg and (c) CezoAl;oCuioNije. Rod diameter
indicated on graph.

movement and structural relaxation. A greater in-situ annealing effect
also takes place in larger diameter samples, where the surface is held
at elevated temperatures, which is sufficient for atomic relaxation, for
longer time periods. This results in the magnitude of surface softening
decreasing in the Pd- and Zr-based glasses as sample diameter is
increased.

The concept of a potential energy landscape (PEL) defines a multi
dimensional surface, where the energy of available structural states
(defined with regard to position, orientation and vibration co-
ordinates) is given, and minima in the energy landscape are thus
representative of different atomic co-ordinations, or inherent states
(IS). The crystalline state can be considered the lowest energy
configuration minima (or basin) in a PEL, with glassy states having
minima in energy very close to the crystalline potential. PELs of strong
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Table 2
Comparison of relative surface drop-off in reduced modulus, E,.
Rod diameter (mm) Er(edge)
Er(centre)
Pdy7.5Si165Cus 1 0.87
2 0.88
3 0.96
ZrsCuysAl1oNig 1 0.77
2 0.95
3 1.00
4 1.00
Ce70Al1oNi1oCuio 1 0.94

glass formers contain less “features” corresponding to a reduced
number of local environments that can be sampled in a glassy
structure [15-17]. This is illustrated schematically in Fig. 4. A wide
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Fig. 3. Load/unload curves for (a) Pd;7.5Sii65Cus, (b) ZrgsCuisAlioNijo and
(c) Ce;0Al;0CuqoNijo. Rod diameter indicated on graph.
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Fig. 4. Schematic illustration of the potential energy landscape of strong and fragile
glass forming systems.

range of local minima exist in the PEL of a high m (fragile) glass
however. To illustrate this point, amorphous silica follows a near
Arrhenius viscosity temperature dependence, indicating almost
constant activation energy across the temperature range for viscous
flow [17], and it is this that distinguishes it as a strong glass former, as
compared to a fragile system where the activation energy rapidly
increases as T is approached. This implies that the atomic movements
that are required for flow are the same at all temperatures in
amorphous silica, and so the energy landscape can be expected to
consist of minima of approximately equal depth. When a strong glass
forming BMG is cast, the lack of different IS means the structure at the
surface is more similar to that in the centre. Therefore, despite the
surface experiencing a higher cooling rate, a limited number of IS are
permitted and so the structure has to conform to similar configura-
tions to those in the rod centre. Fragile glasses however have a
number of features in their PEL, and so a greater range of metastable
atomic configurations. Thus, when the surface is rapidly cooled it
stabilises into different energy minima than in the slower cooled
centre. It may be that fragile glasses are most effective at exhibiting
surface softening.

The observation of increased pop-in phenomena in Fig. 3 occurs in
the lowest H, and E, structural states i.e. at the edge of the samples
that surface soften as compared to the annealed states, where more
structural relaxation has occurred. Since all samples tested for any
given alloy were from the same ingot, compositional variation is
not the source of the different mechanical response, and so it is the
structural aspect that is dominating behaviour. Since the activation
energy of a shear event in a glassy substance, be it thermal or
mechanical, is dependent on G, the enhanced tendency to shear
banding originates from a reduction in elastic moduli. This may be
explained by invoking arguments regarding the extent of local atomic
connectivity. Atomic rearrangement requires that bond breaking and
subsequent re-formation occur; the local co-ordination number will
have an influence on this as it will dictate the number of bonds that
must be broken. Minima in PELs correspond to stable co-ordination
numbers, with higher energy states representing less favourable
environments that contribute more elastic energy to a shear process
[18]. Rapid surface cooling freezes the structure into these less stable
states [17] (with increased propensity in fragile systems as previously
mentioned) resulting in an improved tendency for shear banding at
these locations, realised as a transfer between minima in the energy
landscape. Our future work will consider local co-ordination in
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different regions of surface softened rods so to further characterise the
structural and mechanical differences discussed here.

A measure of G for the data in Fig. 1 would permit an
understanding of the activation barrier to STZ nucleation, and to
subsequent plastic strain. This will only be a function of structural
state as it is a reasonable assumption that the chemical contribution is
unaffected by indentation location, i.e. the cast rods are chemically
homogeneous. Plotting G versus E (Fig. 5), for the range of BMGs and
oxide glasses in Table 1 of both [1] and [19], yields a strong linear
relationship allowing G to be estimated directly from E in BMGs,
irrespective of their differing v; a simple linear least squares
regression gives G=0.38E. This value of proportionality between G
and E is in accordance with that of 0.39, which has previously been
found in polycrystalline metals [20]. For the E, data determined in this
study, difficulties exist in calculating the absolute E using Eq. (1) as v
varies with thermal history, and so will differ with location in the
samples. However, using Fig. 5 some measure of the shear modulus,
G, can be determined from E,. This value is not comparable with G due
to the elastic contribution from the indenter and the fact that the local
v at each location cannot be determined. However, it does permit a
measure of the configurational G to be deduced, due to the elemental
contribution being constant for each location, based on the assump-
tion of chemical homogeneity. Then, G" within a 1 mm rod and across
the whole as-cast state for an alloy are representative of changes in G.
The range can be characterised by dividing the maximum value by the
minimum, to give a value illustrative of the structural variation in G:

G
(G.edge > (2)
centre/ 1mm

(G.max (3)

The values in Table 3 demonstrate the differences in G" that are
encountered within cast BMG rods, due to surface and global
softening and represent significant differences in G™ as a function of
the cast state. Rather than using the annealed samples for Gax, the
centre of the largest diameter as-cast sample is taken to highlight the
magnitude of the difference in G across as-cast states instead of in
those that have undergone secondary processing. As an example,
Pd-- 5Si16.5Cug shows a 13% difference between the centre and edge of
a 1 mm rod and a 40% difference between the edge of the 1 mm rod
and the centre of the 3 mm sample. This range of G values helps to
explain why shear bands are less activated when the structural state
tends towards being fully relaxed, visible as reduced pop-ins in the
annealed and centre region of the larger diameter sample loading

100

80
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G (GPa)

40
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T T
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Fig. 5. Plot of G versus E for the BMGs in Table 1 of [1,19].

Table 3
Comparison of magnitude of change in G across all as-cast diameters (G’ in/G max) and
due to surface effects in the 1 mm rods of each alloy.

G;dge

G‘EEV[[YE 1mm

(G‘min >
G'max

Pd77.5S1165Cus 0.60 0.87
ZrgsCuysAl oNig 0.61 0.77
Ce;0Al41oNijoCuyg 0.94 0.94

curves of Pd;75Si165Cug and ZrgsCuys5Al1oNijq in Fig. 3. G* determined
here is on a larger structural scale than that proposed for G*[4] and G,
[5], though, by using nanoindentation it is possible to obtain an
indication of local values that are not sample averages, and reflects a
higher degree of resolution as a result of the intrinsic nature of the
nanoindentation test itself. This continuous structural variation
means that under certain circumstances BMG rods should be
considered a composite of differing local structures, and so do not
possess a single G, B and E; moduli determined by techniques such as
sound wave velocities are a global average.

The plastic zone size, rp, of a material represents the plastic region
generated ahead of a crack tip when the applied stress exceeds the
yield point, oy, of the material. It can be considered the length scale
over which stable shear banding is possible in BMGs [21]. In the case
of plane stress, where K¢ is fracture toughness:

Kic
r, = 4
P 2nop “)

Then, as shear yield stress, 7, = 0,/2 and G =7,/7., where "y, is the
critical shear strain for BMGs (0.0267) [1], the following relationship
relates r,, to G:

L Kie
P 8nGAy?

()

As with G, pronounced variation in r,, is expected as a result of its
inverse dependence on G?; this illustrates the structural diversity, and
therefore range of mechanical response, that is possible from a single
alloy (global softening) and within a cast rod (surface softening). The
analysis presented here, with regard to variation in G and 1,
demonstrates the structural sensitivity of BMGs to thermal history
(i.e. cooling conditions). Replication of mechanical data between
researchers is therefore problematic due to variations in experimental
technique and intrinsic cooling conditions of the casting arrangement
resulting in different structures. As more structural states may be
present in fragile glass formers (see Fig. 4) it may be these alloys that
are most sensitive to their preparation route and might exhibit the
largest range in plastic response.

Reported in [22] is that shot-peening induced residual compres-
sive surface stresses and a soft surface in a Ti-based BMG, resulting in
an Hy(edge)/Hy(centre) value of 0.88. Plasticity increased to an average of
11% (and a maximum of 22%) from an average of 6% in the non-
peened state. A soft surface may have benefitted this, due to a reduced
energy barrier to STZ activation in the surface region, as is shown in
Fig. 3, which could enhance macroscopic plasticity. The results of the
present study show Hy(eage)/Hv(centrey for 1 mm Pdy75Sii65Cug and
ZresCuysAlgNijg are 0.94 and 0.78 (see Fig. 2a and b) respectively and
so are in broad agreement with the observations made for the shot-
peened sample, though it must be considered that the extent of work
softening may not be consistent at each site, as previously mentioned.
Surface softening in as-cast components might then have an effect on
macroscopic plasticity.
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5. Conclusion

Pd77,5Si16A5Cu6, Zl'55CU15A110Ni10 and Ce7oA110CU10Ni10 BMGs, with
a range of fragility indexes and mechanical performance, were
selected to perform nanoindentation along traverses from the edge
of both as-cast and annealed rods towards their centre, generating
hardness and reduced modulus profiles for the glasses as a function of
rod diameter. Surface softening is not found to be a universal
phenomenon in copper-mould cast BMGs, as its magnitude contin-
uously decreases with increasing diameter resulting in its absence in
rods beyond a critical size. This is attributed to longer in-situ annealing
times at higher temperatures in large diameter samples activating
more atomic relaxation events. Enhanced diversity in the potential
energy landscape of fragile glasses may permit a large range of
different atomic sites, enabling a range of local co-ordinations to be
present at room temperature, and so fragile glasses may be the most
likely to show the surface softening effect.

Samples that surface soften contain different local structures at the
centre and edge, each with differing tendencies for STZ nucleation,
resulting from reduced atomic connectivity and a resulting decrease in
G. A measure of the shear modulus, G, is extracted for each indent
location, and a range of values is found across a single rod, illustrated by
a33% difference between the centre and edge of 1 mm ZrgsCu;5Al;gNiyg.
This causes increased shear band nucleation, identifiable as more pop-
ins in the loading curves at the edge of 1 mm rods in comparison to the
more relaxed larger diameter and annealed structural states and may
result from more energetic energy minima at these sites in the energy
landscape. The range in G* and r, reflects the varied mechanical
performance that is possible within a single alloy system, and the
potential sensitivity of mechanical performance to preparation history.
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