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The strain rate sensitivity, m, of a binary Cugg Zr40 nanoglass (NG) and metallic glass (MG) are investigated
using nanoindentation. Indentations were performed at different loading rates in the range of 0.26-8 mN/s,
which gives equivalent indentation strain rates over three decades. The load vs. displacement curves of MG
exhibited noticeable displacement bursts at low loading rates, which gradually decreased with increasing
loading rate suggesting a transition from more to less severe heterogeneous plastic flow. While in the case
of NG, no noticeable displacement bursts are present at any of the loading rates suggesting a near homo-
geneous plastic flow. In both NG and MG, the hardness decreases with increasing loading rate, resulting in
negative strain rate sensitivity, m. The m for NG is higher than the MG, indicating a more homogeneous flow
underneath the indentation. Interface indentation experiments and subsequent analysis of the deformation
zone showed a larger number of fine secondary shear bands (SSBs) in NG as compared to the primary shear
bands (PSBs), while the plastic flow in MG is accommodated mostly by the PSBs. The findings of the current
study will help improve the understanding of the plastic deformation behavior of NGs and provide insights

1. Introduction

Amorphous alloys, such as metallic glasses (MGs) and bulk me-
tallics glasses (BMGs), exhibit an interesting combination of me-
chanical properties such as high yield strengths (~ 1 GPa) and large
yield strains. However, these advantages are overshadowed by their
poor room temperature ductility due to the plastic flow localization
into thin shear bands, thereby leading to catastrophic failure [1-3].
When deformed at elevated temperatures (near the glass transition
temperature, Tg), the same glasses exhibit extensive plastic flow,
which is attributed to the strain partitioning into multiple fine shear
bands [4]. To date, different methods have been proposed to improve
the room temperature ductility of MGs, of which the notable ones
include the fabrication of (i) bulk metallic glass matrix composites
(BMGMCs) [5] and (ii) Nanoglasses (NGs) [6,7]. BMGMCs comprise
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for designing the novel microstructural architecture of amorphous alloys with improved ductility.

crystalline phases embedded in an amorphous matrix which appears
to resist the unhindered propagation of shear bands in the matrix
regions, thereby avoiding catastrophic failure and thus increasing
the ductility. However, due to the presence of crystalline phases, the
key attributes of a fully amorphous structure cannot be completely
exploited. Recently, it was shown that BMGs could also be fabricated
using the selective laser melting (SLM) process, which offers distinct
shear band characteristics compared to the conventional BMGs but
exhibits lower strength and ductility due to the presence of large
porosity [8].

Unlike BMGMCs, the newly developed NGs contain a fully
amorphous structure with glassy grains (GGs) separated by glassy
interfaces (GIs). Similar to the MGs, the fundamental units of plastic
deformation in NGs are the shear transformation zones (STZs) which
are a cluster of atoms that undergo cumulative shearing under the
influence of external load and nucleate in the regions of high free
volume [9-11]. In NGs, both the GIs and GGs are the sources of free
volume, and hence the probability of finding STZs is much higher
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than the MG counterparts. NGs are fabricated using bottom-up ap-
proaches like magnetron sputtering, electroplating, and inert gas
condensation [12-14]. The preliminary deformation experiments
conducted on NGs show reasonably good plasticity compared to the
MGs of identical composition [15-21]. The reason is attributed to the
unique microstructure of NGs, which promotes nucleation of mul-
tiple shear bands, leading to strain partitioning and consequently
avoiding plastic flow localization. Although there have been ex-
perimental studies characterizing the plastic flow characteristics of
NGs, limited attention was given to investigating the effect of
loading rate (or the strain rate) on the deformation behavior of NGs.
One of the key characteristics of plastic deformation of materials is
the strain rate sensitivity, m, as it provides useful information about
the mechanisms of plastic flow.

The dependence of flow stress, o, on the strain rate, ¢ is expressed
by the power-law relation o = C¢é™ where C is a temperature-de-
pendent material constant and m is strain rate sensitivity. The po-
sitive m values indicate homogeneous deformation, while the
negative m indicate heterogeneous deformation. Besides qualita-
tively describing the nature of deformation, m is also used to
quantify the activation volume needed for the plastic deformation.
Conventionally, m is determined from the strain rate jump tests
under uniaxial loading conditions, and recently it has been shown
that m can also be obtained from the indentation experiments as

m= f’ill‘;ig, where H and ¢ represents the indentation hardness and
1

indentation strain rate, respectively. The ¢; is expressed as ( ZPP )
max

where P is the indentation loading rate and Pngy is the maximum
indentation load [22]. At room temperature, most of the engineering
alloys display positive m values ranging between 0 and 0.1.

Several studies [23-37] have been conducted to investigate the m
value of BMGs, and most of the studies, except a few [28-32], report
negative m, while limited studies are available on MGs and NGs. Pan
et al. [31] performed indentation strain rate jump experiments and
observed that the H increases with loading rate, indicating positive
m values. Using m values and the cooperating shearing model (CSM),
they have determined the STZ volume, which is in the range of
2-7nm?> (containing a few 100’s atoms) for most BMGs. Recently,
Boltynjuk et al. [32] observed a higher m in severely deformed Zr-
based BMG than the as-cast BMG and attributed the positive m va-
lues to high STZ sites. Bhattacharyya et al. [33] argued that the po-
sitive m values are due to the experimental artifact and the possible
reason for this is the overestimation of H without considering the
pile-up around the impression, particularly at high indentation
loads. Further, they argued that the negative m values are due to the
lack of time (with increasing loading rate) for the material to relax
the structure. Sort et al. [34] reasoned that the negative m values are
due to the generation and accumulation of free volume at high
loading rates. Recently, Sahu et al. [35] reported a negative m value
for Nigg Zr4o thin-film MG (containing fine crystals of 2-3 nm in size)
and attributed it to a decrease in STZ size at high loading rates and
relaxation mechanisms prevalent at low loading rates. In another
study, Zhao et al. [36] reasoned that the time available for relaxation
or diffusion is less at a higher loading rate, making the material
softer, resulting in negative m. Recently, Gunti et al. [37] have also
argued that higher loading rates caused significant activation of STZs
and accredited the difference in the deformation behavior in mode
to the strain rate fluctuations observed with increasing indentation
depth. The negative m obtained from various literature studies is
summarized and presented in Table 1. Most of the studies conducted
to date are on the as-cast or deformed MGs and BMGs, but limited
attention was given to understanding the strain rate sensitivity of
NGs. Unlike the deformed MGs and BMGs, where the free volume is
heterogeneously distributed, the NGs have a more uniformly dis-
tributed defect structure. Hence, it is interesting to investigate the

strain rate sensitivity of NGs. This will not just only provide the key
findings but will help us shed new light on understanding the de-
formation mechanisms of NG and provide novel guidelines for de-
signing amorphous alloys with improved ductility.

Therefore, the current study is performed with the following
objectives: (a) What is the effect of loading rate on NG and MG load
vs. displacement response having identical composition? (b) How
does the hardness vary with the loading rate? (c) What is the role of
NG microstructure on m? and (d) How do m values of NGs fare with
the MGs of an identical composition? To address the above ques-
tions, we have carried out nanoindentation experiments on a binary
CugoZrso MG and NG at different loading rates. In order to under-
stand differences in shear band characteristics and the trend ob-
served in m values between the NG and MG interface, micro-
indentation experiments are performed as it is difficult to char-
acterize the same using nanoindentation due to the limitations of
maximum indentation load.

2. Material and experiments

CugoZrao NG samples are produced in an inert-gas condensation
(IGC) system, using binary CugpZryo alloy as the sputtering target,
while the binary CuggZryg MG are synthesized using the melt-spin-
ning technique. Both the NG and MG used in the current experi-
ments are in as-processed condition without any subsequent
annealing after their fabrication. The NG is disc-shaped with a
thickness of ~0.3 mm and a diameter of 8 mm, and MG has a thick-
ness of 30-40 um, a width of ~1 mm, and a length of 10-20 mm. The
amorphous nature of NG and MG is confirmed using X-ray diffrac-
tion (XRD). XRD was conducted using Cu-K, radiation within the
range of 2-70°. The surface of the samples is subsequently polished
to a surface finish of 0.25um using the standard metallographic
sample preparation method and then taken for indentation experi-
ments. Nanoindentation experiments are performed at room tem-
perature using a Hysitron Triboindenter with a Berkovich three side
pyramidal-shaped diamond indenter. The experiments are con-
ducted in a load-controlled mode at a maximum applied load of
4mN. The indentations are performed at different loading rates in
the range of 0.26 mN/s to 8 mN/s, which corresponds to 3 decades of
indentation strain rates. A minimum (4 x4) array of 16 indents is
taken at each load to obtain precise and reliable statistical data. The
distance between the successive indents is kept about ten times the
maximum indentation depth to circumvent the strain field interac-
tion. The hardness, H, is determined using the Oliver and Pharr (O&P)
method [38] as

Ac (1)

Where P4 is the maximum indentation load, and A, is the contact
area, which is a function of contact depth, h,. As per the O&P
method, the h, is given by Eq. (2);

Pmax

S (2)

Here, hpgy is the maximum penetration depth, u is the geometry
constant (~ 0.75, for Berkovich indenter), and S is the stiffness which
is obtained from the slope of the unloading part of P vs. h curve as
S = dP/dh. Finally, the modulus, E, is obtained using the Eq. (3):

2/A 1-2\]"
Es:(]_sz)|:( C)_( )]
" SJm E,’ (3)

where E and v represent the elastic modulus, and Poisson’s ratio and
the subscripts i and s refer to the indenter and specimen, respec-
tively. Before starting the experiment, the area function of the

he = hpax — 1
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Table 1
Summary of the m values reported for glasses in various literature.
Material Structural state Nature of test Strain Rate Sensitivity, m Ref.
(Strain rate range, s™!)
Zr5, 5TisCuy79Nijg 6Alo (Vitreloy105) As-cast Compression - 0.001 £ 0.0005 [23]
33x1073-3.7x107
Vitreloy 105 As-cast Compression test - 0.0026 [24]
234x107 - 1.87x107"
Pd4oNisoP20 As-cast Compression Negative [25]
33x107° - 2x10°
Vitreloy 105 As-cast Compression -0.002 [26]
333x107° -2x107"
ZrgsCuyoFesAlqg As-cast Compression tests - 0.0026 [27]
5x107% - 5x1072
Zr41.5Ti13.8Cuq2.5Ni0Bess s As-cast Indentation tests @ Py,q, of 9 mN -0.0166 + 0.001 [33]
Vitreloy 1 Structurally relaxed 222x1072 - 44x107! -0.0201 + 0.001
Shot peened -0.0128 + 0.001
Vitreloy 1 As-cast Indentation tests @ Pp,q of 250 mN -0.0137 £ 0.001 [33]
Structurally relaxed 333x107° - 2x107! -0.0106 * 0.001
Shot peened -0.008 + 0.001
TigoZr5NigCugBe s BMG As-cast Indentation -0.063 [34]
25%x107% - 1.25%x 107!
NigoZrso amorphous NG thin film As-deposited Indentation tests -0.032 to - 0.057 (300K) [35]
0.01,01 and 157" -0.021 t0-0.039 (600 K)
Pd4oCusoNijoP20 As-cast Indentation tests @ P4 of 50, 100, 200 mN Negative [36]
Zr45Cus,NisAlsAgs 5x107 -25x107!
Zr4gCus4Pd,AlgAgs
Vitreloy 1 As-cast Indentation tests @ Py,q, of 500 mN Negative [37]
Vitreloy 105 1x1073 -1
Zrsg.5CUy5.6Niq2.8Al10.3Nby g (Vitreloy 106 A)
Zr55Cu30Ni5AI10 (ZR55)
indenter tip is calibrated with the help of a standard quartz sample
by performing a series of indentations at different indentation
depths. MG
Bonded interface indentation (BII) experiments are performed to
qualitatively compare the differences in deformation characteristics ™
beneath the indenter for both the NG and MG samples as they may “é’
provide reasons for the differences in m. Two specimens are taken =]
with one of their surfaces polished up to 0.25um surface finish to 'E NG
perform the BII experiment. The polished surfaces are then bonded 8
together by applying a strong adhesive (“super glue”) and allowed to >
soak for 5h. The specimens are then cold mounted in such a way D
that the bonded interface is on the top surface of the mould, which is o
again polished up to a surface finish of 0.25pum. Following this, c
Vickers indentation is performed on the interface at a Ppq of 3 N.
The indentations are made in such a way that the diagonal of the
imprint lies along with the interface. Subsequently, the bonded in- P R R SR SRR SRR AP AP
terface is opened by dissolving the super glue in acetone for 1-2 h 15 30 45 60
and examined using a scanning electron microscope (SEM) to char- 20 (Degree)

acterize the differences in shear band morphology underneath the
indentation between the two glasses. Although we have used na-
noindentation experiments to compute the m values, the micro-in-
dentation was used for BII experiments due to the limitations of P,y
in nanoindentation. Nevertheless, the BIl experiments are performed
under similar loading conditions (with the same load, loading rate,
and indenter geometry) on both NG and MG to compare the shear
band characteristics effectively.

3. Results

The XRD patterns of the as-prepared MG and NG samples are
presented in Fig. 1, which shows a broad characteristic diffraction
hump with no signatures of crystalline phases, confirming the pre-
sence of an amorphous structure. Fig. 2a and b show the typical P vs.
h curves of NG and MG corresponding to different loading rates, i.e.,
0.26, 0.4, 0.8, and 8 mN/s. The indentation imprints of NG and MG
show no significant pile-up at the imprint edges, indicating that the
O&P analysis can be suitably employed to determine the H [15,16].
According to the O&P analysis, the relation between the P and h of

Fig. 1. X-ray diffraction spectra of the MG and NG samples.

the loading and unloading curves are described by the Eqs. (4 and 5)
presented below:

P = ahd (4)
P=g(h-hY) (5)

Where fitting constants « and B represent the resistance to in-
dentation, and the elastic recovery of the material, g, and r represent
the power-law exponents of loading and unloading curves, which
depend on the indenter geometry, while h and hy indicate the in-
stantaneous and final penetration depth of the indenter, respec-
tively. The loading and unloading curves of both NGs and MGs are
well described by the Eqs. (4) and (5) (as presented in supplemen-
tary Fig. S1 and S2) with the regression coefficient values, R* close to
~0.999. All the P vs. h curves (at different loading rates) yield similar
power-law exponents approving a high level of reproducibility and
repeatability of the nanoindentation results. The loading curves of
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Fig. 2. Representative indentation load, P vs. penetration depth, h curves obtained
under different loading rates for (a) NG and (b) MG at a Bnax of 4 mN, respectively.

NG (as presented in Fig. 2a) exhibit smooth behaviour (characterized
by the absence of displacement bursts or “pop-ins”), suggesting
homogeneous plastic deformation. This observation is consistent
with previous experimental studies reported for NGs [15-18,39-42].
Another interesting observation from Fig. 2a is the increase in pe-
netration depth with loading rate suggesting softening of the ma-
terial, and the reason for this behavior is discussed in detail in the
subsequent sections. Contrastingly, the loading curves of MG sam-
ples (Fig. 2b) are characterized by a serrated flow, manifested by a
large number of pop-ins (indicated by arrows), indicating the in-
homogeneous nature of the deformation of MGs. A close examina-
tion of the loading segments reveals that the pop-in width decreases
with an increase in loading rate for the MG, as shown in the mag-
nified view in Fig. 3. Further, derivative technique is employed on the
loading curves to characterize the pop-in behavior in detail as shown
in supplementary figure Fig. S3 [43,44]|. The plots dP/dh vs. h and
dP/dh? vs. h? for MG are displayed in Fig. S3a and b, while for NG in ¢
and d, respectively. The significant spikes observed in the horizontal
line of Fig. S3 indicate the pop-ins occurring due to the nucleation of
shear bands in MG. The intensity of spikes decreases with increasing
strain rate, indicating the absence of severe flow localization. Such
spikes are not observed in NG at all the strain rates suggesting a near
homogeneous deformation. Further, the displacement bursts are

quantified by measuring the pop-in width, hpep.in, at different
loading rates, and their average values are plotted as a function of
the loading rate for NG and MG, as shown in Fig. 4. In order to de-
termine the pop-in width, hyep-in, the loading portion curves are
magnified in the regions where there is a deviation from the power
law. The horizontal distance between the start and end points from
such regions yields, hyop-in. The penetration depth corresponding to
pop-ins are clearly identified from supplementary figure Fig. S3 of
the revised manuscript. It is evident from Fig. 4 that for MGs, the
hpop-in decreases with an increase in loading rate. A similar trend is
reported for MGs and BMGs in the previous literature studies
[34,36,45-47], which is attributed to the change in deformation
mechanism from heterogeneous to homogeneous with an increase
in loading rate. Interestingly, hpep-in remains nearly zero for NG,
suggesting no substantial change in the deformation mechanism
with increasing loading rate. The variation of H with the loading rate
for both NG and MG obtained at Py;,4x of 4 mN is plotted in Fig. 5a. It
can be noticed from the figure that, at all the loading rates, NG ex-
hibits a higher H than the MG, consistent with the previous ex-
perimental and simulation studies [15-17,48-51]. Besides this, the H
decreases with an increased loading rate for both the NG and MG
samples. The m values are obtained from the slope of H vs. equiva-
lent strain rate plotted in the log-log scale (Fig. 5b) and are presented
in Table 2. In both the glasses, the m value is found to be negative,
but interestingly, its value for NG is more positive than the MG.

Further, the reasons for the observed differences in m values are
examined using subsurface deformation zones of MG and NG as
presented in Figs. 6 and 7, respectively. It is observed from Fig. 6 that
the plastic strain in the subsurface deformation region of MG is
mainly accommodated by large shear bands, known as primary
shear bands (PSBs). The PSBs appear to be semi-circular in shape
with no waviness at the shear band front having small and large
curvatures. The shear bands having smaller at their front are much
sharper suggesting unhindered propagation during the deformation,
while the one with large curvature has a wavy front indicating their
interaction with other bands during their propagation. The differ-
ences in curvatures of the shear bands possibly appeared due to
diverse stress fields generated beneath the indenter during in-
dentation [51,52]. Contrastingly, in the case of NGs, a large number of
very fine shear bands, referred to as secondary shear bands (SSBs),
are formed in between PSBs (Fig. 7). Unlike MGs, the shear bands
front in NGs is wavy, which may be due to the multiple shear band
interactions. The bands are diffused and thus making it difficult to
differentiate the primary and secondary shear bands (SSBs). Similar
observations have been reported in the case of binary Pd-Si MG and
NG [16]. The primary and secondary shear bands are discernible in
Pd-Si NGs, unlike the Cu-Zr NGs. In summary, the following ob-
servations can be made from the experimental results (a) The Cu-Zr
NG shows a higher H as compared to the MG, having the identical
composition (b) The pop-ins in the loading portion of P vs. h curves
are dependent on the loading rate in MG while it has a no effect in
NG (c) The penetration depth is found to increase with the increase
in loading rate for both MG and NG indicating that both the glasses
become softer with increasing loading rates. (d) The m computed
from the nanoindentation data clearly shows a negative value for
both MG and NG, albeit slightly more positive in NG than the MG. (e)
The subsurface deformation zone in NG comprises several fine shear
bands compared to the large shear bands in MG.

4. Discussion

In the following discussion and subsequent analysis, the effect of
loading rate on the P vs. h response, H, and strain rate sensitivity is
analyzed in light of STZ activity and the differences in shear band
characteristics in the subsurface deformation zone between the two
glasses.
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Fig. 3. Enlarged view of the loading portion of the P vs. h curves from regions X and Y at different loading rates for (a) NG and (b) MG respectively, describing the pop-in behaviour.
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Fig. 4. Plot representing the variation of pop-in length, hyp.in, With loading rate for
NG and MG.

4.1. Analysis of P vs. h curves: effect of loading rate

The loading part of the P vs. h curve provides insights into the
deformation events taking place underneath the indenter, and the
smoother curve (i.e., the absence of pop-ins) indicates near homo-
geneous plastic flow. It has been observed in BMGs that tempera-
ture, strain rate, and structural state of the glass govern the pop-in
behavior. Ramamurty and co-workers [53-57]| carried out experi-
ments on as-cast (AC), structurally relaxed (SR), and shot-peened
(SP) BMGs and observed that SP BMG exhibited the lowest number
of pop-ins in the loading curves, which was attributed to the pre-
sence of high free volume and nucleation of a large number of STZs.

Schuh et al. [45-47] have developed a deformation mechanism map
based on the indentation experiments with indentation strain rate
and temperature as the abscissa and ordinate. According to this map,
BMGs exhibit near homogeneous flow at high temperatures and high
strain rates because of the dynamic relaxation processes prevalent
under these experimental conditions. The post deformation images
of the indentation imprints did not show any shear bands at the
periphery of the impression confirming that the flow is homo-
genous. Jang et al. [58] have repeated indentation experiments
under similar conditions (with T and ¢) with a cube-corner indenter
and reported shear bands at the periphery of the imprint. They ar-
gued that the stress state underneath the indenter, besides the
temperature and strain rate, also has a marked influence on the
nature of deformation. One of the possible reasons for this could be
the cutting type of plastic flow mechanism observed under the cube
corner indenter in contrast to the compression type of mechanism in
a Berkovich indentation. The absence of pop-ins in NGs at all the
indentation loading rates is attributed to the high free volume
containing regions and abundance of STZ nucleation sites [9]. In
contrast, the decrease in the number of pop-ins in MGs with in-
creasing loading rate is attributed to the difference in the dynamic
relaxation processes around the indentation. Under low indentation
loading rates, there is sufficient time for the material around the
indenter to relax the structure in MG, which necessitates the nu-
cleation of new shear bands or propagation of existing bands leading
to pop-ins in the loading curve. Lack of time for the structural re-
laxation at high loading rates causes a local increase in free volume
around the indenter, eventually leading to an absence of pop-ins in
the loading curve.

4.2. Variation of hardness between the NG and MG

It is observed that the annealed (or structural relaxed) BMGs
exhibit a higher H than the as-cast and shot-peened BMGs due to the
presence of low free volume [54-56]. Following this, it is expected
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Table 2

Values of m obtained in present study for NG and MG.
Glass Strain rate sensitivity, m @ Py, of 4mN
CueoZrso-NG —0.028 + 0.002
CugoZrao-MG —0.037 + 0.003

that Cu-Zr NGs should exhibit a lower H as compared to MGs, con-
trary to the current experimental results (Table 3) observed in the
current study. The possible reasons for this could be attributed to the
(i) compositional segregation prevalent in the nanoparticles during
their fabrication in NGs, (ii) increased pressure sensitivity of NGs and
(iii) presence of icosahedra clusters in the interfacial regions. In
CugoZrao NG (rich in Cu content), a higher T, and T, are observed due
to the segregation of Cu to the interfacial regions of GGs with the
core rich in Zr [9-11,15,50]. These Cu particles are prone to form
icosahedra clusters leading to an increase in medium-range ordering
(MRO) in the interfacial regions. These clusters offer greater re-
sistance to plastic deformation, thereby increasing the H of NGs.
Recently, it has been observed that the number of clusters and their
size can be varied by thermal annealing, which influences the p re-
laxation kinetics and mechanical properties [16,59,60]. Further, the
high free volume present in the GIs also causes an increase in
pressure sensitivity index during the plastic deformation, thereby

Fig. 6. Subsurface deformation zone of a CugyZrso MG at a Ppqy Of 3N obtained at a
loading rate of 0.3 N/s (an equivalent strain rate of 0.1s™!) indicating (a) complete
deformation zone and (b) a high magnification image of the highlighted region of (a).

leading to an increase in the hardness of NGs [48]. With the help of a
modified expanding cavity model applicable, Narasimhan [61] has
observed higher H in materials having higher pressure sensitivity
index due to the large elasticity continuum surrounding the in-
dentation zone.

4.3. Strain rate sensitivity of NGs and MGs and its structural
dependence

The negative m for both the NGs and MGs shows that the de-
formation is heterogeneous in both the glasses, consistent with the
observations reported for BMGs [23-27]. Between the two, NGs
exhibit more positive m values as compared to the MGs, and these
differences in m are attributed to the variation in the internal mi-
crostructures. In both NG and MG, the fundamental carriers of
plasticity are STZs, but they differ in their number density, and the
volume (number of atoms present in the STZ). Pan et al. [31] have
measured the STZ volume and number of atoms present in the STZ
for a number of BMGs using the co-operative shearing model (CSM).
For a CugoTiysHf;s (which is stoichiometrically closer to the glasses
used in the current study), the STZ volume is 4.23 nm> with 359
atoms. After rigorous evaluation of the indentation impressions,
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Fig. 7. Subsurface deformation zone of a CugoZrao NG at Py,qx 0f 3 N at a loading rate of
0.3 N/s indicating (a) complete deformation zone and (b) a high magnification image
of the highlighted region.

Table 3
- Summary of nanomechanical properties and elastic recovery obtained from the
analysis of load, P vs. displacement, h curves.

Strain rate, s Nanohardness, H (GPa) Elastic modulus, E (GPa)

NG MG NG MG
0.03 7.63 £ 0.10 6.25 + 0.12 109 + 1.8 51.8 + 1.5
0.05 7.56 £ 0.15 6.16 + 0.10 112 £ 1.0 52,6 + 1.2
0.1 743 + 0.12 593 £ 0.12 112 £25 513 £22
1 6.90 £ 0.15 5.60 £ 0.11 112 £ 15 545+ 1.0

Bhattacharyya et al. [33] noticed that the positive m in BMGs is in-
deed an experimental artifact due to the pile-up of the material
around the impression. Choi et al. [62] have later computed the STZ
volume for an as-cast and annealed Zr-based BMG (Vit 105), con-
sidering the first pop-in load which is found to be 0.347 and
0.464 nm>, respectively, suggesting that structural relaxation in-
creases the size of STZ. Using the same procedure, Tao et al. [63]
analyzed the STZ size in a ZrsoCugoAlig BMG in three different
structural states (as-cast, annealed, and plastically deformed) and
observed it to be 0.43, 0.55, and 0.34 nm® respectively. These studies
clearly show that STZ size depends on the structural state, which

PSB
7] ssB

0.05 |

—

0.04 |

Normalized

0.02 |

shear band density, w(um'z)
| ]
o

NG Material Mo

Fig. 8. Variation of normalized primary and secondary shear band density, ¥, in the
subsurface deformation zone for NG and MG.

decreases with decreasing free volume content. Nandam et al. [15]
have also computed the STZ volume in CuseZrsg NG and MG as 7.41
and 1.93 nm?, respectively, based on the positive m value, which are
much higher than the predictions of BMG. One of the possible rea-
sons for this could be due to the high nanoindentation load (25 mN)
and the use of H not corrected for pile-up. Since the NGs do not
contain pop-ins in the loading curve, it is impossible to compute the
STZ volume based on the first pop-in load, which also implies that
the STZ volume in NGs must be much smaller than the ones pre-
dicted for severely deformed BMG. The subsurface deformation zone
presented in Figs. 6 and 7 (performed under identical loading con-
ditions) highlights the relative difference in shear band character-
istics between the MGs and NGs, although it is not a true
representation of constrained indentation based on which the m
values are computed. The shear band density, ¥, is calculated as the
number of primary and secondary shear bands (PSBs and SSBs, re-
spectively) per unit deformation area and plotted for NG and MG in
Fig. 8. It is observed that the ¥ of PSBs in NG, unlike MGs, is very
small compared to the SSBs. The increased ¥ of SSBs is indicative of a
large number of STZ nucleation sites, thereby reducing the pro-
pensity of heterogeneous deformation. In a nutshell, the less nega-
tive m values of NG indicate an increased tendency for homogeneous
nature deformation, which could be attributed to the high free vo-
lume (and concomitant availability of a large number of STZs). A
detailed investigation of the STZ size in NGs is warranted to un-
derstand the origins of reduced m values further. Advanced char-
acterization techniques are needed to resolve further the STZ volume
in NGs, which may provide further insights into the deformation
behavior of NGs and ways to enhance the plasticity of glasses.

5. Conclusions

CugpZrye nano- and metallic glasses are synthesized using IGC
and melt spun technique, respectively, and their strain rate sensi-
tivity over three decades of strain rates is investigated using na-
noindentation. Further, the deformation characteristics in the
subsurface deformation zone are analyzed using bonded interface
indentation. The following conclusions can be drawn from the cur-
rent results:

e The serrated flow in the loading curves of MGs decreases with an
increase in loading rate while it does not have any effect on the
NGs. NGs do not exhibit serrated flow at any indentation
loading rate.

e The hardness of both the NG and MG decreases with increasing
loading rate implying negative strain rate sensitivity, m. The m
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values of NG are higher than the MG, indicating a tendency to-
wards the near homogeneous plastic flow. Despite the high
hardness in NGs, the high free volume is due to icosahedra
clusters present at the interfaces.

The primary shear bands (PSBs) are the main carriers of plastic
flow in MG, while in NG, owing to the high free volume, it is by
secondary shear bands (SSBs). The relatively positive m in NG
compared to the MG is attributed to a large number of fine shear
bands and near homogeneous plastic deformation.
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