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Abstract

An experimental investigation into the Vickers hardness and associated plastic deformation in as-cast and annealed Pd4;NiyoP;g
bulk metallic glass was conducted. In addition to the bulk indentation behavior, the deformation morphology underneath the ind-
enter and its variation with annealing time was examined by employing the bonded interface technique. For both the bulk and the
interface indentations, the trends in the shear band induced plastic deformation zone sizes with the indentation load agree well with
those predicted from the expanding cavity model. However, the yield strength extracted from the indentation data is higher than
that measured in uniaxial compression, indicating pressure sensitive plasticity. Results show that the as-cast as well as the partially
crystallized alloys deform appreciably through the shear band mechanism, with semi-circular and radial shear band morphologies.
The latter gets increasingly prominent with increasing annealing time. Atomic force microscopy of the deformation region reveals
increasing shear band heights with load, consistent with nanoindentation results. Whereas the spacing between semicircular shear
bands was found to be independent of their distance from the tip of the indenter for the as-cast alloy, it was found to increase lin-
early, after a small zone of constant spacing, in the annealed alloys. Implications of this study in understanding the mechanical
behavior of metallic glasses and their derivatives are discussed.
© 2004 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Indentation tests are an excellent means of conduct-
ing studies on elasto-plastic behavior of materials, for
gaining insights into the micromechanisms of plastic
deformation, as well as developing an understanding
of the material’s response to multiaxial loading. Because
of these advantages, the indentation response of amor-
phous metals has been extensively studied and modeled
[1-14]. Results show that the metallic glasses exhibit rel-
atively high hardness, often more than three times the
compressive yield strength [12]. This work was initiated
to critically examine the deformation morphology asso-
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ciated with the Vickers indentation of as-cast and sys-
tematically crystallized Pd4»NisoPig bulk metallic glass
(BMG) so as to identify the microscopic features that re-
sult in the high hardness of metallic glasses. Both bulk
and interface Vickers indentation experiments, the latter
employing the bonded interface technique, were con-
ducted. Additionally, the influence of annealing treat-
ments, which induce structural relaxation and partial
crystallization, on the hardness and deformation behav-
ior was investigated. The motivation for this study
comes from the results of recent studies that show that
annealing the as-cast bulk metallic glasses (BMGs)
can markedly alter their mechanical behavior [14-17].
For example, it was shown that the partial crystalliza-
tion, while marginally increasing the tensile fracture
strength, could lead to a precipitous drop in the fracture
toughness [15]. Fundamental understanding of the
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micro-mechanical reasons for this is far from complete.
Since the stress, strain and displacement ahead of a
sharp indenter and a crack are largely similar, further
understanding of plastic behavior of annealed BMGs
can be developed by studying the morphological charac-
teristics of the indentation deformation zones with
annealing.

2. Materials and experiments

The Pd-based ternary alloy with a nominal composi-
tion of Pd4,;NisoPg was formed by melting pure metals
in argon atmosphere and then chill-casting in a copper
mould to produce 5 mm diameter BMG rods. The as-
cast alloy was characterized using X-ray diffraction
(XRD), differential scanning calorimetry (DSC), and
transmission electron microscopy (TEM) to ascertain
its amorphous nature. Relevant mechanical properties
of the Pd4oNiy9Pr9 BMG (which is nominally similar
in composition to that used in this study) are listed in
Table 1.

To introduce partial crystallinity, the as-cast alloy
samples (vacuum sealed in quartz tubes) were given iso-
thermal annealing treatments at 350 °C for 10, 30 and
60 min, followed by water quenching. Also, one speci-
men was crystallized completely by annealing it at the
same temperature for 300 min.

Specimens for the bonded interface technique were
prepared by cutting the as-cast or annealed specimens
first into two halves and then polishing them to a
1 um finish prior to bonding the polished surfaces using
a high strength adhesive. In order to minimize the bond
layer thickness and to obtain a high strength bond, spec-
imens were put into PVC moulds and then filled with
cold mount resin. Following this, the top surface of
the bonded specimen was polished carefully so that the
indentation face is flat. Vickers diamond indentations
were performed both on the bonded interface as well
as away from it in the bulk. Indentations on the inter-
face were conducted in such way that one of the inden-

Table 1
Elastic and mechanical properties of Pd4NisoP»
Property Value Reference
Young’s modulus, £ 108 GPa [39]
Poisson’s ratio, v 0.40 [39]
Shear modulus, G 38.6 [39]
36.6 GPa [40]
Yield strength in compression, gy, 1.78 £0.08 GPa  [23]
Yield strength in tension, o, ~1.6 GPa [24]
Fracture strength in tension, o ~1.7 GPa [24]
Average angle between slip plane and 41.9 £ 1.2° [23]
compression axis 44 [24]
o (in Mohr—Coulomb yield criterion)  0.11 [2]

551 72 kg/mm?®  [3]
538 + 16 kg/mm?  [3]

Brinnel hardness, Hg
Vickers hardness, Hy
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Fig. 1. X-ray diffraction patterns of the as-cast and annealed
Pd4NigoP2o.

tation diagonals coincides with the interface !. The loads
applied varied from 500 to 5000 g for the interface
indentation whereas for bulk indentation (i.e., indenta-
tion away from interface) loads ranged from 50 to
2000 g. The bonded interface was opened subsequently
by dissolving the adhesive in acetone. Deformation
zones, both under the indenter tip (subsurface) as well
as around the bulk indentations, were examined using
a scanning electron microscope (SEM) and in selected
cases atomic force microscope (AFM) and parameters
like shear band spacing, plastic zone size, etc. were
quantified.

3. Microstructural characterization

Fig. 1 shows the XRD patterns obtained from the as-
cast and the heat-treated samples. The as-cast alloy
exhibits a diffuse halo, characteristic of a glassy struc-

! We have also performed some control tests with the indentation
diagonal perpendicular to the bonded interface. The morphological
features are similar to those seen in the case where the diagonal is
parallel.
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ture. Annealing at 350 °C for up to 30 min does not
change the XRD pattern significantly; the broad peak
appears to get marginally sharper but no crystalline
peaks are seen. Diffraction peaks indicating prominent
crystallization, superimposed on a diffuse scattering
hump that spans ~35-50°, appear in the sample which
was heat treated for 60 min. In the sample that is fully
crystallized, sharp and distinct peaks without any back-
ground diffuse hump are seen. On heat treatment, the
ternary phase of Pd-Ni—P with an orthorhombic struc-
ture (¢ =041 nm, b=0.64 nm and ¢=0.785 nm)
evolves as the most prominent phase. In addition, the
peaks corresponding to the Pd—Ni solid solution as well
as weaker lines of Pd-rich phosphide are also observed.

The DSC thermogram of the as-cast alloy indicates
that the glass transition temperature, 7, is 295 °C and
a supercooled liquid region that spans ~80 °C before
the onset of crystallization at 374 °C. The TEM images
obtained from the as-cast and 10 min annealed alloys
were featureless. In the 30 min annealed alloy, sharp
and continuous crystalline rings as well as an amorphous
halo are seen in the selected area diffraction pattern
(Fig. 2(a)). The sharp rings can be indexed in terms of
an fcc structure with the estimated interplanar spacings

matching with those of a Pd-Ni solid solution. The DF
image, taken with the aid of the third ring in the diffrac-
tion pattern, confirms the presence of very small (~5-10
nm) crystalline domains embedded in an amorphous ma-
trix. However, annealing for longer periods results in a
heterogeneous microstructure consisting of very large-
sized eutectic phases embedded in a nanocrystalline ma-
trix. Fig. 2(b) is an optical micrograph of the BMG heat
treated for 60 min, showing the spherulite nodules of the
eutectic reaction product. A bright field TEM micro-
graph of the matrix is given in Fig. 2(c), which reveals
a nanocrystalline structure with grains that are ~30 nm
in diameter and ~100 nm in length. Upon further
annealing, a fully crystalline material with a spherulitic
microstructure is obtained. These results are consistent
with those reported earlier in the literature [18-20].

4. Bulk indentation
4.1. Hardness

Fig. 3 shows the variation of hardness, H (calcu-
lated on the basis of the projected area of the indenter

Fig. 2. (a) Dark field TEM micrograph of the 30 min annealed Pd4oNigoP50; (b) an optical micrograph of the 60 min annealed Pd,oNigoP,0; and (c) a

bright field TEM image obtained from the matrix region.
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Fig. 3. Hardness, H, vs. load, P, plot for the as-cast and the annealed
Pd4oNigoPay.

impression), as a function of the indentation load, P.
For the as-cast, 10 and 30 min annealed alloys, the aver-
age H values are marginally higher (in the range of 6.1—
6.3 GPa) for loads below 500 g. Above 500 g, H is in the
range of ~5.8-6 GPa, comparable to the 540 kg/mm? of
H obtained by Davis [1] and 551 + 71 kg/mm? obtained
in spherical indentation by Donovan [3], for a similar al-
loy. Donovan reports a higher H in the lower load range
of 30-50 N as compared to a slightly lower H (lower by
~15%) within the indentation load range of 100-359 N,
a trend that is consistent with the Vickers indentation
results of the current study. Absence of shear band cor-
onets (due to pile-up of the material around the indents),
which are otherwise common features around the in-
dents made at high loads, and presence of shallow later-
als crack at low loads (in addition to the radial cracks
that are observed throughout the loading) were reported
by Donovan. In the present study, despite the similarity
in the alloy composition as well as the load range probed
with that of Donovan, no cracking was observed in the
as-cast BMG either at the indent corners or in the
subsurface. Furthermore, shear bands were observed
around all the Vickers indents irrespective of the load.
These observations rule out the possibility of subsurface
cracking as a reason for the higher H measured at low
loads in our study.

Wright et al. [4] have conducted nanoindentation
experiments on a ZryoTi;4Ni;¢Cui,Be,y BMG and ob-
serve a higher H at low depths of penetration (<200
nm), possibly a result of finite radius of curvature (234
nm) of the Berkovich indenter tip that they have used.
Lam and Chong [7] observe a similar behavior to that
of Wright et al. [4] and attribute it to the indentation size
effect. However, it is unlikely that such an effect is the
reason for the observed H vs. P variation in this study

as (i) the indentation loads used (even the smallest of
them) are very large and (b) the higher H in the low load
regime is only marginally larger (~10%). If indentation
size effect was to be the cause, a large increase (~50%)
in hardness at low loads can be anticipated. It is possible
that the high H values at low loads are due to experi-
mental artifacts such as a slightly rounded indenter tip
affecting the hardness measurements at those loads.

The hardness of a metallic material is often related to
its yield strength under uniaxial compression, o),
through the relation [21]

g, =HJC, (1)

where C is the normalized hardness (also referred to as
the constraint factor) that depends on the o¢,/E and
HI/E ratios as well as the shape of the indenter [22].
Donovan [23] measured o, to be ~1.78 GPa by com-
pression testing 2 mm diameter Pd4oNisoP>( alloy sam-
ples. Note that this value is larger, by ~10%, than the
measured values of 1.6 GPa reported by Mukai et al.
[24], who have conducted uniaxial tensile tests on 2.5
mm diameter specimens made from a BMG of same
nominal composition. This difference in tensile and com-
pressive yield strengths is due to the pressure sensitivity
of deformation in BMGs [25]. Using 1.78 GPa for g,
and 5.77 GPa for H for the as-cast alloy (the latter meas-
ured at an indentation load of 2000 g), a value of ~3.2
for C is obtained, which is consistent with that reported
for Pd-based glasses by Sargent and Donovan [2] and
Golovin et al. [6]. Note that detailed numerical simula-
tions that incorporate large-scale plasticity show that
the maximum value of C can be 2.75 for Vickers inden-
tation [26]. A value for C that is greater than 3 suggests a
pressure sensitivity for deformation.

Patnaik et al. [12] have analyzed the spherical inden-
tation response of metallic glasses using finite deforma-
tion, finite element procedure that incorporates an
extended Drucker—Prager material model (which is sim-
ilar to that Mohr—Coulomb yield criterion) and report
that the constraint factor depends on the indentation
strain. It was shown that C increases strongly with the
pressure sensitivity, particularly at large strains. The
higher hydrostatic pressure that prevails underneath
the indenter in pressure sensitive solids is the primary
cause for this behavior. A limiting value of ~3.5 is ob-
tained for the Mohr—Coulomb parameters of Zr- and
Pd-based BMGs reported in literature. These observa-
tions are consistent with those made on the basis of
the H measurements of the present study.

Turning to the H variation with annealing time, for
loads higher than 500 g, H appears to decrease initially
upon annealing for 10 min at 350 °C and then increase
with increasing annealing time. An increase in H with
the annealing time at temperatures above the 7, has
been reported for a wide variety of BMGs [17]. In most
cases, the hardness increase is linear with the crystalline
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volume fraction and is attributed to the micromecha-
nism of nanocrystalline phase resisting what is otherwise
unhindered propagation of shear bands (in a manner
similar to that offered by precipitates to dislocations in
Al alloys upon aging) [27]. It is also suggested that solute
enrichment in the amorphous phase due to primary
crystallization can be the mechanism responsible for
the continuous increase in the hardness even when the
crystalline phase is softer as in the case of AI-Ni-Y
alloys [27].

4.2. Deformation zone around the indents

Fig. 4(a) shows a representative indentation image
obtained from the as-cast alloy indented with a 2000 g
load. Pile-up of the material in the form of semi-circular
shear bands is seen. These bands appear to emanate
from the edge of the indentation and are wavy in nature
as illustrated with a tilted high-magnification image of
an indent edge shown in Fig. 4(b). It is seen from
Fig. 4(b) that these are not cracks but are overlapping
layers of upwardly displaced material. Owing to the vol-
ume conserving nature of the plasticity, deformation in
elastic-perfectly plastic solids occurs by the pile-up of
the material against the faces of the indenter. This
pile-up is seen as discrete steps in the case of BMGs be-
cause of the inhomogeneous nature of plastic deforma-
tion in them.

Patnaik et al. [12] observe the included angle between
two families of shear bands emanating from the edge of
a spherical indent in a Zr-based BMG to be ~79°. Note
that the included angle between the maximum shear
directions would be 90° if the material obeys von Mises

yield criterion. Fig. 4(b) indicates that the angle between
the normal to the edge of the Vickers indent and the
shear band tangent is about 30° as against 45° that ex-
pected for a Mises solid. Again, this observation implies
strong pressure sensitivity for the plastic deformation in
Pd4;NiggPs.

Shear banded pile-up regions were observed in the
samples that were heat treated up to 30 min for all the
loads examined. Cracking was observed in the 60 min
annealed alloy, as shown in Fig. 4(c), which is subjected
to a load of 1000 g. Note that while cracking at one cor-
ner and chipping at an adjoining edge are seen in this
image, the other three edges show features that are sim-
ilar to that seen in the as-cast alloy. This is possibly due
to the duplex microstructure of nanocrystalline matrix
with relatively large spherical crystallites seen in the
60 min annealed alloy. When the indentation was made
on an area that is nanocrystalline, the deformation mor-
phology is similar to that seen in the as-cast or shorter-
period annealed Pd4,NigP;5. On the other hand, when
the indentation happens to be on the relatively coarse
globular particles or one of the indenter edges ‘interacts’
with them, cracking is seen indicating these intermetallic
phases are highly brittle. Fig. 4(d) shows extensive
cracking emanating from the corners of a Vickers indent
made in a fully crystallized alloy sample indented with
only a load of 200 g, confirming the extremely brittle
nature of the alloy in this state. Because of this cracking,
it was not possible to make reliable hardness measure-
ments in the fully crystallized alloy and hence further
studies on it were not pursued.

A plot of the shear band zone size, 6 (measured as
the distance between the center of the indent to the

Fig. 4. SEM images of the indentations in: (a) the as-cast (P = 2000 g); (b) higher magnification image of (a) showing the shear band morphology;
(c) 60 min annealed (P = 1000 g); and (d) fully crystallized Pd4oNigoP2o (P = 200 g).
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outermost shear band), vs. indentation load, P, for the
as-cast and annealed Pd4,NisoP;g is shown Fig. 5. As
seen, O increases with P and the trends in all cases are
best described by a 6 «< P* fit, with the regression coef-
ficients, R cither close to 0.99 or better. As tabulated in
Fig. 5, the value of the proportionality constant Cj is
close to 1.1 for all the alloys except for the 10 min
annealed alloy, consistent with the lower hardness meas-
ured in that condition.

Starting with Johnson analysis [22] of the stresses in
the plastic region in the expanding spherical cavity mod-
el of an elastic—plastic material underneath an indenter
and assuming that only the radial stresses carry the
indentation load, Kramer et al. [28] have shown that
the plastic zone size is related to the materials yield
strength through the following relation:

5= [ 3P ] )

2ro,

Validity of the above equation was experimentally veri-
fied on a wide variety of metals (both in single- and in
poly-crystalline form) at macro-, micro-, and nano-sco-
pic levels [28]. A few exceptions, such as the single crys-
tals of tungsten and zinc indented using a nanoindenter,
were argued to be a result of the indentation size effects
and/or severe strain hardening effects.

The functional relationship predicted by Eq. (2) is
obeyed by the Pd4,NisoP;g, both in the as-cast and an-
nealed conditions. This implies that the expanding cav-
ity model in general can be used to describe the
plasticity in BMGs underneath the indenter. By setting
Cy equal to [1.5/(nay)]0'5, a value of ~2813 MPa is ex-
tracted for ¢,, which is considerably higher than the

60 T
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—{+—30 min
50 | —m— 60 min

40

0.5

Curve Fit with & = C1 (P)

Material C1 (um/go 5) R

Shear Band Zone Size, § (um)

As-cast 1.083 0.986

10 min 0.98 0.998
30 min 1.11 0.989
0 . 60 min 1.11 0.997
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Load, P (g)

Fig. 5. Shear band zone size, 6, vs. load, P, for the as-cast and
annealed Pd40Ni40P20.

experimental value of ~1.8 GPa. Alternatively, Eq. (2)
predicts a plastic zone of 72 um for the as-cast alloy at
P =2000 g for a g, = 1.8 GPa whereas the measured va-
lue of § at that P is ~44 um.

Giannakopoulos et al. [29] have performed a compre-
hensive analysis of Vickers indentation through FEM
simulations and conclude that, for elasto-plastic contact
in nonhardening solids, C; = [0.3/ay]0'5, indicating that
the Johnson’s model overestimates the plastic zone.
Using this result, we obtain ¢, of 2522 MPa, which is
still 40% higher than that measured in experiments by
Mukai et al. [24]. Conversely, the estimated plastic zone
size at 2000 g load is 57 pm, about ~30% higher than the
experimentally measured value.

For sharp indentation of metallic materials, Johnson
[22] derived the normalized plastic zone size, é/a (where
a is the contact radius), as

o [ Etanp  2/1-2v\]" 3
a_[éa},(l—v)+3(1—v>} ’ (3)
where v is the Poisson’s ratio, and f is the cone angle. As
per Eq. (3), 6/a does not depend on P, a result of the self-
similarity of stress and strain fields for geometrically
similar indenters.

For the Pd-based BMG, when 6 is normalized with
the diagonal of the Vickers indent, D, and plotted as a
function of P (Fig. 6), it is seen that §/D indeed remains
approximately constant at about 0.55. Using the litera-
ture values for E, v, and o, (Table 1), an equivalent con-
tact angle (in order to get the same volume of material
displaced in cone and Vickers indentations [27]) of
19.7° and scaling the resulting é/a (by setting the pro-
jected contact areas for Vickers and cone indentations

0.70
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® 10 min
% 0.65 O 30 min
o) H 60 min
N
2 |
g 0.60 1
N = -
2
0]
©
M 055F o O E L
=
5 =
2 [ee
n m) [ ]
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IS =
g Material | Average 8/D
§ 0.45 As-cast 0.547
10 min 0.529
30 min 0.529
0.40 60 min 0.578
0 500 1000 1500 2000
Load, P (g)

Fig. 6. Variation of the normalized shear band zone size, (6/D) with
the load, P.
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equal), we get a 6/D of ~0.73, which is again higher by
~30%, than the measured value.

In summary, the trends in the experimental data
obtained by indenting the BMGs are in accordance
with those predicted theoretically and also validated
experimentally for indentation of crystalline metals.
However, the extracted o, are markedly different from
those measured in uniaxial compression and indicate
that the existing theories either overestimate the plas-
tic zone size or the true 6 may be larger than what is
measured, by about 30-40% in both the cases. Possi-
ble reasons for these discrepancies are elaborated
below.

e Underestimation of the plastic zone size. Note that
shear bands are the result of intense plastic deforma-
tion. Hence J, while giving a measure of the plastic
zone size, underestimates the elasto-plastic boundary.
It is also likely that the SEM imaging technique used
in the present study to estimate ¢ could not capture
the finer shear bands that may be lying at the periph-
ery and hence the actual plastic zone size can be much
larger than o. In this context, it is interesting to note
that the plan view contours of the effective stress,
obtained by Vaidyanathan et al. [5] using FEM simu-
lations (see Fig. 9 in Ref. [5]), indicate a larger plastic
zone size vis-a-vis the experimentally observed shear
band zone size.

e The expanding spherical cavity model, on the basis of
which Egs. (2) and (3) have been derived, while suffi-
cient to predict the trends, does not incorporate cer-
tain features that are salient to the deformation of
metallic glasses. For example, the Johnson model
[22] or the analysis of Giannakopoulos et al. [29]
either implicitly or explicitly assumes that only the
deviatoric stress causes yielding. However, the hydro-
static stress also affects the plastic deformation of
amorphous metals and hence needs to be considered.
Hence, it is likely that these models are overestimat-
ing the plastic zone size in the BMGs. This is also evi-
dent from the numerical simulations of the P-h
curves, which shows a larger residual depth of pene-
tration when von Mises yield criterion is used as com-
pared to that obtained using the Mohr—Coulomb
yield criterion [5,12].

e The process of plastic deformation through shear
bands is a discrete phenomenon and also inhomoge-
neous in nature whereas continuum models consider
homogeneous plastic deformation that occurs
smoothly. Molecular dynamics simulations suggest
that the shear band nucleation process strongly
depends on the distribution of the free volume and
hence the deformation behavior of BMGs can be
highly stochastic, at least locally [30]. Naturally, these
subtle effects have to be built in to a model that cap-
tures the experimental results accurately.

5. Subsurface deformation

As mentioned in the introductory section of this pa-
per, Donovan [3] has attempted to study the geometry
of plastic flow in the Pd4NigP,y amorphous metal
indented with Brinell and Vickers indenters. For this
purpose, she has employed sectioning, polishing, and
etching of the polished surfaces successively and
reported that the shear bands etch lightly and hence
were seen only as faint lines. This makes the resolution
of the individual slip lines with good contrast and distin-
guishing them with the polishing scratch lines difficult.
Additionally, cracks that were otherwise absent in the
as-polished sections are seen extensively in the etched
sections, indicating that they are probably a result of
stress corrosion cracking. Fracture toughness values
estimated from the indentation cracking are lower than
those typical of metallic glasses, confirming that cracks
seen after etching are incipient cracks than fully devel-
oped ones. These observations of Donovan [9] indicate
that an alternative technique is needed for examining
the subsurface deformation behavior of BMGs. The
bonded interface technique, which has been widely used
to study the subsurface deformation and plastic flow
during indentation of ceramics and glasses, is an alterna-
tive. While the advantage with this technique is the abil-
ity to image the deformation morphology (especially for
the metallic glasses which undergo inhomogeneous
deformation), it suffers from the fact that the adhesive
layer relieves the elastic constraint for plastic flow that
otherwise would be present in a semi-infinite block
indentation. This can potentially introduce changes to
the size and shape of the deformed zone as well as alter
the deformation mechanism itself. Samuels and Mulh-
earn [31], Mulhearn [32] and Dugdale [33] have con-
ducted extensive studies to examine this possibility and
conclude that differences in the deformation characteris-
tics of the material may affect the extent of the deformed
zone and the slope of the strain gradient but have no sig-
nificant effect on the contours of equal strain.

We have conducted experiments to examine if there is
significant effect of the relaxation of the constraint due
to the presence of a compliant interface on the size
and morphology of the subsurface deformation zones.
For this purpose, the polished pieces of the BMG were
held together in a vice. The application of mechanical
force (as against the adhesive) prevents the separation
of the two mating blocks during indentation. Observa-
tions reveal insignificant differences between those held
together by adhesive bonding and those by mechanical
force.

5.1. Morphology

Fig. 7(a) shows the plan view of the deformed region
underneath a Vickers indent (5000 g load) in the as-cast
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Fig. 7. (a) Plan-view of the SEM images obtained from the subsurface deformation zone in the as-cast Pd4oNigoP>o (P = 5000 g), obtained using the
bonded interface technique, highlighting the shear band morphology underneath the indenter. (b) A higher magnification image obtained from within

the deformed region of (a).

BMG, which is semi-circular in shape containing a high
density of shear bands. No cracks were observed within
the deformed zone. Close to the indenter tip, a small
zone (~10 um in size) that is relatively free of any shear
bands is observed. Within the deformation zone, two
morphologically distinct shear bands are seen, semi-
circular and radial. The density of the semi-circular shear
bands is considerably larger. Tilting in the SEM reveals
the hemispherical deformed zone is a result of the plastic
flow of the BMG into the interface (which is about
~5 um thick). The relaxation of constraint due to the
presence of a highly compliant interface that has a finite
thickness (~5-10 um) facilitates for the plastic flow of
the material into the interface as against the flow-up
seen in the bulk indentation. Because of the inhomoge-
neous nature of the plastic deformation in the BMG,
the surface of the plastic bulge is not smooth but is ser-
rated containing a number of discrete steps. These steps

appear as semi-circular shear bands in the plan view as
seen in Fig. 7(a). Note also that the shear bands at the
edges of the Vickers impression on the indented surface
are not present in the case of the bonded interface, as
material flow against the indenter faces is not necessary.

While the semi-circular shear bands are out-of-plane
(plane stress) shear displacements, the radial bands are a
result of the in-plane (plane strain) shear displacements.
This is illustrated with a higher magnification image
(Fig. 7(b)) from the deformed region that shows polish-
ing scratch marks (horizontal lines) displaced by a radial
shear band. Note that the semi-circular shear bands
(seen as near vertical lines) do not appear to distort or
displace the scratch marks as this micrograph gives a
plan view of the deformed region. Interestingly, the ra-
dial shear band displaces the semi-circular bands, indi-
cating that the deformation through in-plane shear
displacements occurs after out of plane deformation.
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Two possible mechanistic scenarios for this can be con-
strued. The first is that the radial bands form after the
out of plane deformation reaches saturation. Alterna-
tively, the radial bands could have formed during
unloading because of the reverse plastic flow caused by
the elastically strained matrix. Because of the compliant
interface, the elastic constraint of the surrounding ma-
trix is likely to be insignificant and hence the first mech-
anism is more likely to be the case.

Note that the results obtained by Donovan [3] repre-
sent those under the plane strain condition (as there will
not be any out of plane displacement of the material in
the absence of an interface), the results obtained using
the bonded interface technique represent deformation
under plane-stress conditions.

AFM was conducted on the as-cast alloy indents to
study the finer details of subsurface deformation zone
as well as to confirm that the deformation morphology
observed is indeed due to shear band formation and
not cracking. Fig. 8(a) shows an AFM image of the sub-
surface region of a 2500 g Vickers indent. The radial
bands are seen more clearly from this image. Closer
examination of the topology, Fig. 8(b), reveals the sub-
structure of the shear bands. Several parallel fine lines
within a major shear band indicate that at microscopic
scale each band is a composite of few finer shear bands.
Furthermore, the shear bands seem to have formed by
joining several ellipsoids of different heights together.
This feature indicates that shear band propagation with-
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in the material is not very smooth, but tortuous or wavy
in nature.

Analysis of the AFM line scans was performed in or-
der to quantitatively measure the surface roughness and
in turn estimate the shear displacements associated with
the propagation of shear bands. A typical line scan, ob-
tained from the 2500 g indent, is shown in Fig. 8(c). The
average RMS values (which is a reflective of the shear
band height) obtained from such data are plotted in
Fig. 8(d) as a function of P. It is seen that the average
shear band height varies linearly with P; between 25
and 45 nm. Golovin et al. [6], who have observed ser-
rated flow during instrumented indentation of a
Pd4CuszgNijgPog BMG alloy, show that the span of
the horizontal displacement jump (a consequence of
the shear band nucleation and propagation) to vary be-
tween 10 and 40 nm. Schuh and Nieh [9,11], who have
studied the rate effects on the indentation behavior of
several BMGs, report an increase in the pop-in depth
with increasing depth of penetration, reaching a value
of ~15 nm at ~300 nm depth of penetration for the
Pd4(CusoNi|oP, alloy. Both these observations are gen-
erally consistent with the average shear band height ob-
served in the present study, keeping in view that (i) the
loads applied are significantly larger and (ii) each micro-
scopic shear band is a composite of few finer shear
bands.

The SEM micrographs of the subsurface deformation
regions in the 10, 30 and 60 min annealed alloys are

RMS =44.5 nm

1 |
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M
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0

1000 2000 3000 4000 5000
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Fig. 8. (a) AFM image obtained from the subsurface deformed region of the as-cast Pd4oNigoP>o (P = 2500 g). (b) Higher magnification image from
(a) showing the finer structure of the shear bands. (c) Line scan from (a) showing the displacements associated with shear bands. (d) Variation of the
average root mean square (RMS) values of the surface roughness with indentation load, P.
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shown in Fig. 9(a), (b), and (c), respectively. In both the
10 and the 30 min annealed samples, the deformation
zone is devoid of cracks with a shape that is similar to
that seen in the as-cast alloy. However, a gradual tran-
sition in the shear band morphology, from a near-
complete semi-circular band dominated process zone
in the as-cast alloy to a process zone where both types
of bands are equally prominent, is seen. Another quali-
tative observation is that the waviness in the shear bands
appears to decrease with increasing annealing time.

In the 60 min annealed alloy, however, extensive
cracking interspersed with shear band deformed regions
is seen, as shown in Fig. 9(c). The cracks appear to encir-
cle the larger spherical crystalline phase whereas the

Fig. 9. SEM images of the subsurface deformation regions obtained in
(a) 10 min and (b) 30 min annealed (P = 5000 g for both), and (c) 60
min annealed Pd4oNigoPso (P = 2500 g).

shear band deformation occurs in the nanocrystalline re-
gions. Wei et al. [34] have shown that the governing
mechanism of plastic deformation in nanocrystalline
Fe is also shear banding. In light of their results, it is
not surprising to see that the matrix of the 60 min alloy,
which is nanocrystalline, deforming extensively through
shear banding. However, the large crystalline phases are
typically intermetallic in nature and hence cannot
accommodate plastic strains. As a result of this plastic
mismatch between the matrix and the crystalline phases,
cracking around the latter occurs.

The spacing between semicircular shear bands, ¢, is
plotted as a function of distance from the tip of the ind-
enter impression, £, for the as-cast and 10 and 30 min
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Fig. 10. Variation of the distance between adjacent shear bands, ¢, as
a function of their distance from the tip of the indentation impression,
¢, for the (a) as-cast and (b) 10 and (c) 30 min annealed Pd4oNigoP50.
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annealed alloys in Fig. 10(a)—(c). For the as-cast alloy, ¢
is constant and independent of &, with an average spac-
ing of ~1 um. However, ¢ is ~1 um in a zone close to
the indenter tip for the 10 and 30 min annealed alloys.
This zone size is ~20 and 40 pum for the 10 and
30 min annealed alloys, respectively. Beyond this zone,
¢ increases with £.

5.2. Deformation zone size

Fig. 11 shows the variation of the size of subsurface
deformation zone, /A, as a function of P, both for the
as-cast and annealed samples. For a given P and mate-
rial condition, the A values are similar to the correspond-
ing ¢ values. For example, in the as-cast alloy and at
P =1000 g, 2 ~37 um whereas 6 = 32 um. The trends
in A vs. P are similar to those seen in ¢ vs. P for bulk
indentation and the relationship 1= C»(P)"° captures
the trends reasonably well, with R values greater than
0.99 for all the cases. Because of the similarity in A
and 9, the range of values for Cj is similar to the range
of C, values, the latter extracted from the bulk indenta-
tion experiments. For example, for the as-cast alloy
C; = 1.083 whereas C, = 1.09. This observed similarity
reinforces the utility of the bonded interface technique
as a means to study the deformation behavior of
materials.

However, a closer examination reveals some contrast-
ing behavior, particularly for the 10 min annealed alloy.
The ¢ value in this case is the lowest among the four
material conditions examined and as a result C; also is
lowest. In contrast, 4 and hence C, are highest among
those measured. Clearly, the relaxation of the constraint
at the interface and hence prevalence of a plane-stress
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Fig. 11. Subsurface deformation zone size (i.e., distance from the
indenter impression tip to the farthest shear band), /, as a function of
the indentation load, P.
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Fig. 12. Variation of / normalized with A (total plastic zone size) as a
function of P.

state coupled with some intrinsic change in the material
deformation characteristics (such as the deviation from
the elastic, perfectly plastic behavior) could be possible
causes for this behavior. Mechanistic reasons for the
10 min annealed alloy’s contrasting behavior are not
yet clear.

Fig. 12 shows the variation in A, normalized with
A(=2 + h, where & is the depth of penetration) as a func-
tion of P. Most of the //A data falls within the range of
0.8 to 0.87, implying that it is independent of P. Average
values of A/A are listed in the inset table in Fig. 12. As
seen, the as-cast, and 10 and 30 min annealed samples
have a similar value of A/4 at around 0.85. While this
value appears to be significantly larger than the A/D, it
has to be noted that the different normalizing parame-
ters lead to this difference.

5.3. Discussion

A central idea of the expanding cavity model, devel-
oped by Johnson [22], is that the hardness of elastic—
plastic materials is governed by the single material
parameter (E/g,)tant, where 0 is the angle between inden-
ter face and the undeformed specimen surface (19.7° for
Vickers indenter). For the Pd-based BMG under investi-
gation, its value is 21.7, within the range of validity for
the expanding cavity model. The deformation morphol-
ogy confirms to the concept of radial displacement of
material away from the point of first contact, giving rise
to a hemispherical elastic—plastic boundary. The material
displaced by the penetration of the indenter is either
accommodated by the elastic expansion of the surround-
ing material or in the pile up of the material around ind-
enter, in case of bulk indentation. In the case of the
indentations at the interface, plastic flow into the compli-
ant interface is the main accommodating processes.
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However, the o, predictions, made from the plastic
zone sizes using the expanding cavity model, are consid-
erably larger than those observed in uniaxial compres-
sion. This is found to be true for both the bulk
indentation as well as the interface indentation. Given
that the metallic glasses exhibit pressure sensitivity in
their plastic flow and that high hydrostatic static stresses
exist underneath the indenter, it is reasonable to expect
the elevation of stress required for the plastic flow initi-
ation during indentation. Lu and Ravichandran [35]
have studied that plastic deformation behavior of a
Zr-based BMG under multiaxial compression experi-
ments by using the confining sleeve technique and on
the basis of these results suggest that the plastic flow
in BMGs is governed by a pressure-dependent Tresca
criterion of the following type,

a,(P) = a0 + Bp. 4)

Here, o, is the flow stress under uniaxial loading, p is
the hydrostatic pressure and f is the coefficient of pres-
sure dependence. For the Zr-based BMG, Lu and Ravi-
chandran [35] report that § ~0.17. Small strain finite
element analyses of Vickers indentation by Giannako-
poulos et al. [29] show that close to the indenter tip,
the maximum compressive hydrostatic stresses for an
elasto-plastic material with no strain hardening is
~1.830,. As per Eq. (4), this hydrostatic stress translates
into an elevation of the flow stress of ~550 MPa for a
f =0.17. This is broadly consistent (despite the approx-
imate nature of the calculations) with the ~40% higher
flow stress estimated made using Eq. (2) from the pile-
up zone sizes of the bulk indentation data.

Further, the interband spacing of ~1 pum for the as-
cast alloy is similar to 1-2 pum spacing reported by Lu
and Ravichandran [35], who also show that the BMG
can carry large plasticity, more than 10%, under confine-
ment. Given that a strongly decaying strain gradient (ra-
dially away from the point of contact) exists in the
indented solids, invariance of ¢ with & within the plasti-
cally deformed zone implies that the shear banding is
independent of stress, provided the stress exceeds a
critical value. This implication is consistent with the
elastic-perfectly plastic continuum deformation behav-
ior typically expected for metallic glasses. Conner et al.
[36] have investigated the thickness dependence of shear
band spacing in metallic glass specimens subjected to
bending. Their results show that the spacing scales with
the thickness, indicating that thinner sheets are likely
exhibit greater bend ductility due to finer separation be-
tween the bands. The AFM results indicate a shear offset
of ~50 nm (at 5000 g load), which implies that each
coarse shear band (with a ¢ of 1 um) can carry about
5% plastic strain. This implication is generally consistent
with the Lu and Ravichandran’s observation that a
multiaxial state of stress promotes finer band separation
(and hence larger ductility). It also corroborates with the

Conner et al.’s implication that a small deformation
zone (underneath the indenter) can accommodate large
plastic strains because of the finely spaced shear bands.

It is instructive to relate the measurements on shear
band spacing to those made during the nanoindentation
of metallic glasses. Several research groups [6,9,13] re-
port that the indentation load, P, vs. depth of penetra-
tion, A, curves are decorated with several discrete
displacement bursts, which were identified to be associ-
ated with shear band initiation and propagation under-
neath the indenter. Further, it was noted that the
magnitude of displacement jumps, A/, increases approx-
imately linearly with 4. Schuh and Nieh [9] suggest that
this linear relationship between Az and / is simply due
to the self-similarity associated with the deformation
fields underneath a sharp indenter. They attribute the
absence of such “pop-ins” at high rates of loading to
an intrinsic transition in the deformation mode, from
discrete to homogeneous plasticity. They suggest that
at high rates, the absence of pop-in events is due to
the operation of several shear bands at any given in-
stance. Considering the fact that the rates of loading
for the present set of indentations are very high (of the
order of a um/s), the observation of equally spaced
coarse shear bands that contain within them several fi-
ner shear bands indicates to the simultaneous operation
of multiple shear bands. On the other hand, Greer et al.
[13] suggest that the increase in A/ as well as the spacing
between the bursts with the / is due to increasing inden-
tation strain, which implies that the spacing between the
shear bands should increase with increasing distance
away from the indenter tip. However, the observations
made in the present study for the as-cast alloy clearly
indicates that ¢ is invariant with £. We suggest that per-
haps, the distance that the shear bands have to traverse
from their nucleation sites to the surface of the specimen
is the controlling parameter for Ah.

With respect to the annealed alloys, it is seen from
Fig. 10 that the shear band number density (per unit
chord length) is much smaller in the annealed alloys
vis-a-vis the as-cast alloy. This is because of the smaller
zone of intense shear deformation and increasing shear
spacing out of it for the annealed alloys. A pertinent
question to ask at this juncture is why is the shear band
spacing in annealed alloys different? A possible answer
lies in the fact that deformation through shear bands
is nucleation dominated, i.e., they propagate instantane-
ously once they nucleate, which is probably getting af-
fected by the annecaling treatments. Spherical
indentation studies, wherein it is possible to study the
indentation response of a given material as a function
of indentation strain, on a Zr-based BMG suggest that
the number density of shear bands in an annealed alloy
is considerably lower than that observed in the as-cast
alloy [37]. Further, higher strains are required to be ap-
plied for the observation of shear bands. In the present
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study, higher strains that prevail close to the Vickers
indenter tip promote extensive shear banding and defor-
mation saturates. On the other hand, far away from the
indenter tip, since the strains are lower the shear band
spacing increases monotonically.

The suggestion that annealing of the alloy reduces the
propensity of deformation through shear banding also
helps to explain their mechanical properties, especially
the precipitous drop in their toughness. High toughness
in the as-cast BMGs is derived by the extensive plastic
shear deformation at the crack-tip [38]. However, be-
cause of the larger average shear band spacing in the an-
nealed alloys, the energy absorbed within the plastic
zone of the crack-tip decreases and hence leads to pre-
cipitous drop. Further modeling work is necessary for
corroborating this hypothesis.

6. Summary

A systematic study on the plastic deformation associ-
ated with Vickers indentation hardness tests on the
as-cast and annealed Pd4,NiygP;3 BMG reveals that in
general the shear banded deformation regimes around
the indents, although inhomogeneous in their very nat-
ure, obey the expanding cavity model’s idea of a hemi-
spherical plastic zone. While the plastic zone sizes, both
in bulk as well as bonded interface indentations, were
found to scale with the square root of the indentation
load, their relative size was much smaller than that
anticipated, due to the pressure sensitivity of plastic flow
exhibited by metallic glasses. The short-term annealed
samples (i.e., those that did not show any crystallinity)
did not reveal any features that are markedly different
from that of the as-cast BMG. The only difference ob-
served is a smaller zone of intense plasticity (with equal
shear band spacing) in the annealed alloys, indicating
the absence of widespread plastic zone ahead of a
crack-tip (whose deformation fields are analogous to
those under a sharp indenter) as a possible cause for
the embrittlement of BMGs upon annealing.
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