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The scratch induced deformation behavior of Hafnium based bulk metallic glass (BMG) at micro- and macro-load
scales is reported in this study. The micro-scratch deals with a normal load range of 1000-8000 pN, whereas the
macro-scale scratches are made with a normal load reaching up to 5 N. Increase in the load beyond 2000 puN
changes the deformation mechanism from plowing to fracture and chipping. The plastic strain is mostly accom-

modated by shear band formation with a significant amount of free volume generation. A change in the strain
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rate helps in the nucleation of shear bands and prevents fracture and chipping in the case of micro-scratches
made at ramp loading as compared to constant load. Higher strain rate and heat generation in the track causes
increased strain hardening in macro-scratch, which could be attributed to increased probability of nano-
crystallization. Complex shear band structure is evolved during scratching, which is attributed to the mixed
type of loading, consisting of compressive normal load and lateral shear load across scratch-track.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Bulk metallic glasses (BMGs) are known for their high fracture
strength, low elastic limit, and low plasticity. But, the shear band
which forms during deformation introduces failure surfaces along
oblique planes relative to the loading axis. This ‘self-sharpening’ behav-
ior in BMGs occurs during dynamic impact as well. This phenomenon is
the key for efficient performance as kinetic energy penetrators [1,2]. Hf
based bulk metallic glasses (BMG) have been proposed as potential can-
didates for kinetic energy penetrators due to the high density of Hf,
which makes the penetrators more effective [1,2]. A few studies have
also been carried out on Hf based alloys to correlate their glass forming
ability with deformation and mechanical behavior [1-8].

Bulk metallic glasses have also shown their potential as coatings in
dry bearings for use in the outer space [9-11], hard facing alloys, wear
resistant coatings for sensors, medical implants, and magnetic heads
[9,12]. These applications introduce sliding contact on BMG surfaces,
which demands an understanding of their tribological behavior. The
machining of BMGs into the final components also uses a single-point
tool where deformation conditions can be closely mimicked by scratch
experiments [13]. Literature available on micro- and macro-scale
scratch studies on Cu, Ni, Zr and Mg based BMGs reveals several aspects
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of deformation and failure [12-20]. Coefficient of friction (COF) in-
creases with the applied normal load both at micro- and macro-scales
[12,14-16]. But, scratch velocity does not have any effect on the COF
[12]. The scratch (wear) resistance of BMGs increases with the hardness
[17,19], but does not follow a linear relationship, as in Archard's equa-
tion [19]. A change in the wear mode is observed from rubbing and
plowing to cutting with an increasing normal load for soft Mg-based
BMGs [18]. In situ micro-scratching of Fe-based BMG revealed a transi-
tion from ductile plowing to shear band formation and serrated-
chipping with an increasing load [20]. Thus, it is very difficult to predict
tribological behavior for a certain BMG composition by deriving the
similar principle from another BMG. Nevertheless, few commonalities
are found in scratch behavior of BMGs. The deformation during
scratching is mostly accommodated by shear bands [13,16,17,20].
Higher load causes formation of wider shear bands to accommodate
larger deformation [13,20]. A higher scratch velocity leads to finer
shear bands which are caused by the activation of multiple shear
bands simultaneously to accommodate the applied strain quickly [17].
A study by Maddala et al. [9] on CusoHfy; 5Alg 5 (closest BMG composition
to the alloy used in this study) reported tribological behavior in as-cast
and annealed samples under sliding wear condition in ball-on-disk
wear mode. Wear resistance is found to linearly increase with devitrifi-
cation, due to formation of nanocrystallites [9]. The wide variation in tri-
bological behavior of bulk metallic glasses is due to their unique
structure, which is further complicated by different loading conditions.
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Tribological damage generally starts at lower (nano/micro) scale on the
surface and aggravates to a macro-scale leading to failure. Thus, it is also
important to analyze the tribological behavior at different length scales
to fully understand the surface failure mechanism.

Based on the abovementioned scenario, the aim of the present study
is to understand the scratch induced deformation behavior of Hf-based
BMG, at different modes (constant vs. ramp) and magnitudes (micro-
Newton vs. Newton) of loading. Microstructural alterations are correlat-
ed with the scratch based deformation behavior of Hf-BMG. The forma-
tion of shear bands as a result of loading type is analyzed to understand
the specific arrangement of the shear bands at the bank/edge of the
scratch groove. It is emphasized that scratch induced deformation be-
havior of Hf-based BMG has never been reported in the literature.

2. Experimental procedures

The Hf-based BMG alloy was prepared by mixing the 99.99% pure el-
ements (Hf, Cu, Nb, Ni and Al) and arc melting them in a Ti-gettered
argon atmosphere (~5 x 10 Pa). The ingot obtained was melted several
times in order to enhance its homogeneity. Further, the arc melted ingot
was re-melted and quenched into rod form (@ = 3 mm) and was pre-
pared by suction casting it into a copper mold. The alloy used for this
study was of the following composition (atomic %): Hf-46.3; Cu-28.2;
Ni-13.9; Al-6.2; and Nb-5.4 (referred as Hf-BMG hereafter).

X-ray diffraction (XRD) was carried out using Cu Kot (A = 1.542 A)
radiation in a Siemens D-5000 X-ray diffractometer operating at 40 kV
and 40 mA. A scan rate of 0.2°/min was used. The transmission electron
microscope (TEM) sample was prepared by focused ion beam (FIB)
milling technique. A Philips/FEI Tecnai F30 high resolution transmission
electron microscope (HRTEM), operating at an accelerating voltage of
300 kV, was used to study the BMG sub-structure and capture the se-
lected area diffraction pattern. Glass transition temperature T, and
melting temperature, T,,, were measured using SDTQ600 (TA Instru-
ments, New Castle, DE). The differential scanning calorimetry (DSC)
curve was analyzed from 50 °C to 1200 °C at a scan rate of 20 °C/min
in an argon environment.

Micro-scratch studies were carried out using the 2D scratching mod-
ule of a Hysitron Triboindenter TI-900. A pyramidal diamond Berkovich
probe with a 100 nm tip radius was used for making the scratches.
Scratches were made with both constant and ramp normal loads. The
constant loads used were 2000, 4000, or 8000 pN, whereas the ramped
scratches were made at an increasing normal loading rate of 80 uN-s~!
in the range of 0-8000 uN. All scratches were 10 pm long and made with
a lateral displacement rate of 1 um-s~!. The surface profile of the
scratch grooves was captured immediately after each scratch, using
the scanning probe microscope (SPM) integrated in the triboindenter.
A CSM Instrument NanoScratch Tester with a high load cantilever and
a 50 um cono-spherical diamond indenter was used to perform the
macro-scratches in the ramp loading mode with a normal load range
of 0-5 N. The scratches were 1.5 mm long and performed at a lateral dis-
placement rate of 8.33 um-s~ ! and at an increasing normal loading rate
of ~30 mN-s~ . Surface profile of the bank of the scratch was obtained
using the SPM. Three or more scratches were made in each condition.
All the error values reported in the plots and tables are based on the var-
iations shown amongst these three scratches in each condition.

A JEOL JSM-6330F field emission scanning electron microscope, op-
erating at 15 kV, was used to observe the macro- and micro-scratches.
Image] software [21] was used for a quantitative analysis of the micro-
structural features.

3. Results and discussion
3.1. Structural characterization of the Hf-based BMIG

Fig. 1a shows the XRD pattern of the Hf-based BMG alloy. The pat-
tern shows a broad peak at a 26 range of ~35-45°, which is the signature
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Fig. 1. (a) X-ray diffraction pattern of Hf based BMG; (b) HRTEM image with selected area
diffraction pattern as inset and (c) DSC plot for Hf-BMG.

of amorphous structure at bulk scale. Fig. 1b provides high resolution
TEM image of Hf-BMG at nano-scale. The absence of lattice fringes and
crystalline structure in Fig. 1b indicates the amorphous structure. Se-
lected area diffraction pattern, presented as an inset in Fig. 1b also
shows the signature of amorphous structure without any diffraction
spots. Fig. 1c presents the DSC curve with an exothermic signal followed
by the glass transition. T, is assessed to be ~550 °C. The devitrification
temperature (Ty) is found to be 570 °C at the onset of the crystallization
peak.

3.2. Micro-scratch behavior: constant load

Fig. 2 shows the results from the micro-scratch tests performed at
constant normal loads of 2000, 4000, and 8000 pN. This is a composite



120 D. Lahiri et al. / Journal of Non-Crystalline Solids 410 (2015) 118-126

0Z 0L 000}

(b)

(c)

oy
09
08
09
or
0z
00
0z [wily
oy
09
o'g

I
fuarllx
0Z 0L 000}
Terllx

[wulz

'I; N
L 4

4000

600 - Lateral Force —— Coeff. Friction Lateral Force
800
- bid -
P o Z
= NN NN o 2 @s00
2 i g
& 300 75
o - =
E g o
Q
® 150 1915 ®z200
- ] -l
0

100 -

o | 8000 pN

60 - 4000 pN
40 |

20 -

Scratch Depth (nm)

Across Scratch Distance (mm)

2000 pN

Coeff. Friction Lateral Force Coeff. Friction| g 7
{0.5
Z 3000 /\ e
foa® % 05 &
0.3 o S 2000+ T e
- w -
oz 3 3 Serrations 19 3
= 1000 {02 &
° ] 3
101 3 lo1 3
Drops
v v . 0.0
2 4 6 8 10
Lateral Distance (um)

0.25 -

0.20 4

0.15 4

Average Wear Volume(um’)

Fig. 2. SPM images, lateral force and coefficient of friction vs. scratch distance plots and corresponding SEM images at constant normal load of (a) 2000 uN, (b) 4000 pN and (c) 8000 pN.
(d) 2D cross-sectional profile of micro-scratches and (e) wear volume (scratch volume) at different normal loads.

figure for representative scratches at each load showing (i) SPM image
of the scratch, (ii) lateral displacement vs. COF/lateral force plots and
(iii) corresponding SEM image of the scratch in the same scale length.
The SPM images in Fig. 2 (the same scale) show the increasing width
of the scratch with an increasing normal load, which also indicates the
increase in the depth derived from the pyramidal shape of the Berkovich
indenter. Corresponding SEM images in the same figures also corrobo-
rate the observations from SPM images.

Lateral displacement vs. COF/lateral force plot shows drops at 4000
and 8000 puN normal loads (Fig. 2b and c), whereas such features are ab-
sentat 2000 pN (Fig. 2a). The drops in the lateral force indicate incidents
of fracture and chipping. At the onset of a fracture or chipping, the
scratch probe gets unbalanced and loses its support, thus incurring a
large drop in the lateral force. At the next moment, due to the surface
roughness created by fracture/chipping and the presence of loosened
debris, the lateral force required to move goes high. Thus, any drop in
the plot is also associated with a small sharp hump just following, in
the lateral force vs. distance plots (Fig. 2b and c). The presence of large
drops in Fig. 2b and c, and its absence in Fig. 2a reveal that the critical
“lateral” force for chipping to occur is between 600 and 800 pN. A larger
drop in the lateral force is observed at 8000 puN normal load (Fig. 2c),

indicating aggravated fracture and chipping. The COF is ~0.2 at
2000 pN and increases to a range of ~0.3-0.4 at 4000 puN and 8000 LN,
respectively (Fig. 2). Increasing amount of roughening and debris gen-
eration on the surface due to fracture and chipping explains the increase
in COF with normal load. Though the fracture and chipping indicate
domination of brittle behavior, still some plastic deformation is expect-
ed. Thus increase in COF can also have some contribution from increas-
ing plastic deformation at higher normal load. SEM images in Fig. 2a also
reveal smooth banks of the scratch at 2000 uN; whereas, signs of
chipping and fracture are obvious at the higher loads (Fig. 2b and c).
These findings are similar in nature to the previous reports on Mg-,
Zr-, Cu- and Ni-rich metallic glasses, where scratches were made with
constant normal loads in the range of UN-mN [12,14-16]. The increase
in COF with an increasing load is largely attributed to fracture and
chipping, which also explains a larger variation of the same. The small
serrations in the lateral force and COF curves are potentially due to the
shear band formation which is elaborated in Section 3.6. Note that, the
almost negligible serration at 2000 pN is suggestive that deformation
occurs by ductile plowing. The mode of deformation changes to fracture
and shear band formation at 4000 pN, which is indicated by large drops
and small serrations, respectively, in the lateral force. A similar change
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in the deformation mode from ductile to shear localization and chipping
is noted for hard BMGs [20]. The amplitude and spacing of the serrations
observed at 4000 uN increase at 8000 pN normal load.

Fig. 2d presents the representative 2-D cross-sectional profiles of
scratches at different normal loads, obtained from SPM images.

The pile-up volume is 2.6-3.2 times greater than the scratch groove
volume which suggests a high degree of localized free volume genera-
tion (Fig. 2d). This is most likely achieved by the strain accommodation
by shear band assisted deformation. Wear volume for three loads is
evaluated by measuring the volume of the scratch grooves from SPM
images. Wear volumes presented in Fig. 2e show a significant 170% in-
crease from 2000 uN to 4000 pN. But the increase is not linear at
8000 pN, which is only 35% over 4000 pN. The sharp increase in the
wear volume at 4000 pN is due to the change in deformation mode
from ductile to fracture/chipping domination.

3.3. Micro-scratch: ramped loading

Micro-scratches were also made by ramping the normal load be-
tween 0 and 8000 uN along a scratch length of 10 pm. These scratches
were made to compare and evaluate if the deformation mechanism in
ramp loading is different from constant loading mode. Scratches made
at ramp load experience difference in the loading rate, and consequent-
ly, strain rate, along each point of the scratch. Hence, this set of experi-
ments is also referred as dynamic loading. Fig. 3 provides a composite
view of a scratch in ramp loading. The COF remains relatively similar
throughout the scratch length, indicating no pile-up or strain hardening
(Fig. 3). The absence of large drops in lateral force plot indicates minimal
fracture or chipping. This observation from the COF plot is corroborated
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Fig. 3. SPM image, lateral force and coefficient of friction vs. scratch distance plot and SEM
image of micro-scratch made at ramp loading with normal load range of 0-8000 uN.

by the SEM micrograph of the corresponding scratch presented in Fig. 3,
revealing minimal sign of fracture and chipping in the groove.

The reduction in fracture and chipping causes lower COF of 0.2-0.25
over the entire loading range (Fig. 3). In contrast, the constant load re-
sults show the COF in the range of 0.3-0.4 at higher loads, due to signif-
icant fracture and chipping (Fig. 2b and c). Less risk of fracture and
chipping in ramp loading is possibly attributed to accelerated shear
band formation, which can accommodate more plastic deformation
without chipping. Local perturbation in strain rate is responsible for
the origin of shear bands, which makes nucleation of shear bands easier
during ramp loading [22]. High magnification SEM micrographs pre-
sented in Fig. 4 also agree with this fact by revealing more prominent
and distinguishable shear bands at the bank of ramp-loaded scratch
(Fig. 4b), as compared to the constant-loaded one (Fig. 4a). Shear
band formation leads to localized free volume generation. Thus, the
free volume generation should be more in the case of ramped loading.
The next section discusses free volume generation and deformation be-
havior of the Hf-BMG as a function of ramp vs. constant loading mode.

3.4. Micro-scratch: comparison of deformation between constant and
ramped loading

Profiles across the scratch grooves under ramp loading were cap-
tured from SPM images at three different points where the normal
load corresponds to 2000, 4000 and 8000 pN. Fig. 5 presents compara-
tive profiles of scratch grooves for constant and ramp loading at three
different loads. The profile of scratch grove at 8000 uN for ramp loading
(Fig. 5¢) is approximated as the actual point, which was at the tip of the
groove. Scratch groove is slightly deeper in ramp loading for three loads,
which denotes more plastic deformation. But the difference is more at
2000 pN (Fig. 5a) and becomes less for 4000 uN and 8000 uN (Fig. 5b
and c). The probable reason for such behavior is significant fracture
and chipping in higher constant load scratches (4000 and 8000 pN),
which reduces the chance of elastic recovery and the scratch groove re-
mains deeper.

The free volume generation in each case is presented by the ratio of
area under pile-ups and scratch groove (schematic shown in Fig. 2d),
which indicates post-deformation volume increase in the Hf-BMG.
Fig. 5d presents pile-up/groove volume ratio for the constant and
ramped load scratches at 2000, 4000, and 8000 puN normal load. In the
case of constant loading, the free volume generation decreases margin-
ally with an increasing normal load due to the contribution from
fracture and chipping in scratch volume. Note that, the free volume gen-
eration is higher in the case of ramp loading at each of the normal loads.
This observation supports the discussion in the previous Section 3.3 on
the ease of shear band nucleation due to dynamic strain rate under
ramped loading conditions. The free volume generation rate during
ramping increases from 2000 N to 4000 pN, which is opposite to the
behavior noted at constant load. This was possible due to the absence
of significant fracture and chipping as well as higher strain rate change
making shear band assisted plastic deformation easier. The SEM image
in Fig. 4b also furnishes the visual proof of more distinguishable shear
band formation along the bank of the groove with the progression of
scratch in ramped loading. On the contrary, less increase in free volume
generation rate is noted at 8000 pN for ramp load. It is attributed to a
combination of factors: (i) it was not possible to collect the profile ex-
actly at 8000 uN for ramp loading as it was at the end of the scratch,
(ii) strain hardening at higher load [22] and (iii) possible chipping at
highest load. The increase in volume due to oxygen incorporation in
the material can be neglected considering the fact that Hf-based BMG
should possess insignificant reactivity at room temperature.

3.5. Macro-scratch: ramped loading

Scratches were also made at much higher ramp loads of 0-5 N to un-
derstand the deformation behavior of the Hf-BMG. Scratches of 1.5 mm
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Fig. 4. SEM images of micro-scratch at (a) 8000 uN constant load and (b) 0-8000 uN ramp load showing fractured chips, linear plowing mark in the scratch groove, and shear band for-

mation at the edge (marked by arrows).

length were made with cono-spherical diamond probe of 50 um tip-
radius. The load applied for these scratches is 1000 times greater than
in the ramped micro-scratches discussed earlier. The residual depth of
these scratches is up to 1.5 um, which is ~20 times more than that
of micro-scratches. Hence, these scratches are referred as macro-
scratches in this study. A composite visual of the optical image, lateral
displacement vs. COF/lateral force, and SEM image of a macro-scratch
is presented in Fig. 6. The initial part of the COF plot shows a lot of
noise/disturbance, which could be due to the low loads at the beginning
that fails gripping by the cono-spherical tip on the glassy surface due to
the high resilience/hardness of the BMG surface. In contrast to the
micro-scratches (Fig. 3), the COF is found to increase along the macro-
scratch length (Fig. 6). At the same time, the large drops in the lateral
force, which indicates fracture/chipping events, do not increase signifi-
cantly in magnitude with an increasing normal load. This implies that
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the increase in COF cannot be solely due to increasing fracture and
chipping. Instead, the increase in COF is likely more dominated by in-
creasing plastic deformation and associated strain hardening in the
macro-scratch track as compared to micro-scratch. This observation
suggests a significantly higher strain-hardening effect during macro-
scratching than micro-scratching, as the COF remains similar with in-
creasing load in the latter. A common way of strain hardening in
BMGs is by nano-crystal formation [22,23]. Localized heating could be
a probable cause for the nucleation of nano-crystals in shear bands.
This will be explained in Section 3.6 in more detail.

However, researchers have suggested that localized heating cannot be
the sole cause for crystallization in shear bands as it is observed even
when the temperature rise is very small [24,25]. Evolution/formation of
nano-crystals in BMG is also observed as a result of high strain rate that
causes non-Newtonian deformation [26-28]. The scratch velocity is
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Fig. 5. Comparative scratch groove profiles of constant and ramped loading at similar normal loads of (a) 2000 pN; (b) 4000 pN and (c) 8000 uN. (d) Pile-up to groove volume ratio for

micro-scratches at constant and ramp load.
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SEM image of macro-scratch made at ramp loading with normal load range of 0-5 N.

1 um-s~! for micro-scratch and 8.33 um-s~' for macro-scratch. The
strain rate is ~8 times more in macro-scratch, which provides higher pos-
sibility for forming nano-crystals as compared to micro-scratch. More-
over, nano-crystal formation is more preferred in compression than in
tension [29]. The normal load applied in scratching is also compressive
in nature, which will assist in the nucleation of nano-crystals in the
shear bands generated. In turn, the nano-crystals, present in shear
bands could increase the flow stress effectively, leading to strain harden-
ing and initiation of new shear band to accommodate the strain.

Fig. 7 presents the SEM images of different regions of a macro-
scratch. The micrographs present prominent features of the scratch at
macro-scale. e.g., absence of pile-up at the end of scratch, two types of
shear bands at the edge, and sign of melting on the scratch groove.
The authors believe that this dual type of shear bands are formed as a re-
sult of scratch based deformation in BMGs, irrespective of the loading
range, and should also be featured in the edge of micro-scratches. But,
due to much lower level of loading, they could not be resolved in the
micrographs.

Scratch-based deformation is significantly different and more com-
plex than deformation based on normal indentation alone, as it involves
simultaneous application of two types of load, viz. a compressive load
acting normal to the surface and lateral shearing load acting parallel to
the surface. Considering the fact that deformation in BMGs is mostly ac-
commodated by shear band formation, the two types of loading during
scratch are supposed to generate two different sets of shear bands. A
closer and more careful observation at the edge of macro-scratches re-
veals two sets of shear bands oriented at different angles to the track
(Fig. 7¢). A magnified view of the region is presented in Fig. 8a, which

Fig. 7. SEM images of macro-scratch at 0-5 N ramp load showing (a) the full scratch; (b-c) the shear band formation at the edge of scratch groove at different magnifications; (d) scratch
groove with fractured chips showing sign of melting; (e) clean tip of the scratch showing absence of pile-up due to slip related plastic deformation.
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ing 30° angle between normal compressive loading direction and associated shear bands.

shows a set of pronounced shear bands at ~150° to the scratch direction.
Another set of fine shear bands are found on making ~50° with the
scratch direction. Similar observations were made by Subhash and
Zhang during dynamic scratching of Zr-based BMGs [13]. The origin of
the complex shear band structure was attributed to the dual mode of
loading during scratch, though no analysis was presented to correlate
the structure with type of loading [13]. In the present study, we have
made an attempt to correlate the shear band patterns with the type of
loading.

The COF for macro-scratch varies between 0.1 and 0.2, which implies
that the normal loads are at least 5 times higher than the lateral force at
any point in the track. Thus, the strain associated with normal load
would need wider and larger shear bands as compared to strain from
the lateral load. As a consequence, the more prominent shear bands at
~150° to the scratch direction should be due to normal loading, while
the origin of finer ones at ~50° is from shear loading. Subhash and
Zhang have also observed through the bonded cylindrical specimen
method that the shear bands originated at the tip of scratch probe prop-
agates to the top surface with similar band spacing [13]. Thus, it is pos-
sible to observe the shear bands from normal loading to the bank of the
scratch groove of the sample. It is also possible to correlate the angle
that shear bands make with loading axis (6) with deformation by
means of coefficient of normal stress dependence (o, ), which is also de-
fined as coefficient of friction of shear transformation zone (STZ) oper-
ation [22]. The relationship is as follows:

20 = cot_](an) in compression and (1)

20 = cot_l(—an) in tension.

The angle between the normal load direction and associated shear
bands cannot be calculated from the surface profiles, as the direction
of normal load is perpendicular to sample surface. Thus, scanning
probe imaging of the scratch edge was carried out to find the angle
(Fig. 8b). The angle between lateral load and associated shear bands is
estimated from SEM images (Fig. 8a).

Taking the ramp type of loading into consideration, both calculations
are done at the same position of the scratch, at ~70-80 um away from
the scratch tip, to keep the loading conditions similar. The angle be-
tween normal force and the associated shear bands is found to be
~30° (Fig. 8b), whereas the same for lateral force is ~50° (Fig. 8a). The
normal force is compressive in nature, whereas the shearing nature of
lateral force causes an elongation type of deformation on the top layers
of scratch surface, which could be assumed equivalent to a tensile con-
dition. Calculations using Eq. (1) reveal o, to be 0.58 for normal load
and 0.18 for lateral load. Both the o, values come out to be positive

and COF for STZ operation cannot be negative. Thus, the correspondence
of shear bands with loading type is justified, as the opposite assignment
can result in negative values for COF of STZ operation. In addition, o, for
normal compressive load is ~3 times higher than that associated with
lateral load in the track. This could be expected due to ~5 times higher
magnitude of normal load as compared to lateral force.

The serrations in lateral force plots for micro- and macro-scratches
(Figs. 2, 3 and 6) are correlated to the origin of individual shear bands.
The width of small serrations in lateral force plot of macro-scratch is
measured and compared with the width of shear bands in SEM image
(Fig. 9a). Similar position along the length of the scratch (~70-80 um
away from the scratch tip) is chosen, as the ramped load would cause
progressive change in width of the shear bands. The spacing between
lateral force originated shear bands is 550-700 nm (Fig. 9a). The undu-
lations of the lateral force plot also have a period of ~900 nm (Fig. 9b).
Considering the spatial resolution of linear force data points as
833 pm, the spacing of undulations in the lateral force plot is approxi-
mated to be in similar range as the spacing of shear bands. This observa-
tion corroborates that small serrations in lateral force are due to the
origin of new shear bands.

3.6. Macro-scratch vs. micro-scratch: difference in deformation behavior

A comparison of high magnification micrographs from macro-
(Fig. 7) and micro-scratches (Fig. 4) reveals the comparative features
of deformation in the Hf-based BMG at different length scales. Scratches
at both scales reveal the absence of pile-ups at the scratch tip (Figs. 7e
and 4a). However, pile-up at edges with clear signs of band formation
is observed at both scales of load (Figs. 7b-c and 4a-b). Thus, it is con-
cluded that the plastic strain in both cases is accommodated by shear lo-
calization, which is a signature feature of BMG structures. Scratch tracks
show linear marks indicating plowing of material by probe for both
cases (Figs. 7d-e, and 4a). The presence of chips and flakes in the
micro-scratch track, compared to the smoother track in the macro-
scratch implies more brittle fracture and failure type material loss in
the former (Figs. 7 and 4). The use of the sharper pyramidal Berkovich
probe during micro-scratch is found to be responsible for more fracture
and chipping as compared to the rounded surface of the spherical probe
used during macro-scratch. In addition, less fracture and chipping
during macro-scratch might be due to accommodation of strain and
absorption of related energy with increased plastic flow. Prasad and
Ramamurty have observed more plastic flow in BMGs with higher tem-
perature, which drives large number of STZ movements and forms
wider shear bands [30]. More heat evolution in the macro-scratch
groove is evident from the molten type features of the partially
delaminated material as observed in Fig. 7d. Localized heat generation



D. Lahiri et al. / Journal of Non-Crystalline Solids 410 (2015) 118-126 125

E 1095
E
[} S
g —
(<)
L 1085
©
e
7]
=
3]
—
1075 . [ : .
1422 1424 1426 1428 1430
Scratch Length (um)

Fig. 9. (a) The width of the lateral force created shear bands at the edge of macro-scratch shear bands is marked with arrows and (b) corresponding lateral force vs. scratch length plot of
macro-scratch from the same region of SEM micrograph in (a) showing width of the serrations/undulations in the load.

in the macro-scratch groove due to sliding contact with the probe can
cause partial melting in the track. Such features are not found in
micro-scratch groove. A semi-quantitative calculation based on existing
models has been carried out to estimate the comparative heat evolution
in the scratches. The increase in temperature (AT) of the sample surface
due to scratching is estimated using a relationship for sliding of contact
surfaces proposed by Ashby [31-33] as follows:

F\V 1
AT = (T,=To) = Fp—— @
a b

n _4 D
la 1b

where, Ts and Ty are the surface contact and reference (bulk material)
temperatures, respectively. Further, Fy is the normal force, V is the ve-
locity, A, is the contact area, and pis the COF of sliding contact; K, and
K}, are the thermal conductivities of sample and probe and the ‘I’
terms denote respective equivalent linear diffusion distances. The last
terms in Eq. (3), consisting of K and | for the sample and probe remain
similar in both macro- and micro-scratch conditions. This is because
the probe used is made of diamond in both situations. Thus, Eq. (3)
can be modified as follows for the present study.

uFyVv

AT= R 3)

In Eq. (4), Cis a constant, which is the same for macro- and micro-
scratch. The temperature increase is computed for three positions in
each track, chosen with a normal load taken into consideration. The
three points on both types of tracks were chosen to compare the
temperature rise in the track at three proportional loading positions,
normalized with the peak load. The three loads during ramped micro-
scratch are 2000, 4000 and 8000 pN. The three points on macro-
scratch were selected at proportional normalized loads of 1.25, 2.5
and 5 N. The COF is also determined at the selected loads in the scratch
track. The contact area of the probe is calculated by determining the
depth of penetration with the selected loads and using the established
relationships for the type of probes used. The maximum penetration
depth in the case of macro-scratch is ~7 pm, whereas the radius of the
cono-spherical probe is 50 um. Thus, the probe can be assumed as
spherical with respect to the depth of penetration. The contact area of
a spherical indenter probe can be expressed as [34]:

A= (ZRihp - hf,) ~2mRih, (4)
where, R; is the radius of indenter and hy, is the depth of penetration. For

micro-scratch, the contact area is calculated from the calibration plot of
the Berkovich tip used for these studies, to take care of the bluntness, if

any, introduced by the probe. The polynomial expression of the contact
area of the probe as a function of penetration depth is as follows:

Ay = 245h2 +7.5419« 10°h, — 3.8776+ 10°h,/ + 38123
«10°h,/4— 9.7183 + 10°h,/* + 6.3676 + 10°h, *. (5)

The C = AT at the three points in each of the macro- and micro-
scratches are presented in Table 1. Since C is constant for all the cases,
the increase in this parameter can be directly related to the increase in
temperature, AT. The macro-scratch shows 2.7-7 times greater temper-
ature increase at the respective distances along the scratch track, as
compared to micro-scratch. Such high temperature exposure easily
leads to nano-crystal formation in the macro-scratch [22,35] and possi-
ble localized melting as observed in Fig. 7d. The combination of the
effect of higher temperature generation and more strain in macro-
scratch leads to significantly higher nano-crystallite formation. Further-
more, nanocrystallization results into strain hardening in the macro-
scratch, which is evident from the increase in COF (Fig. 6). Conversely,
the lack of nanocrystallization in micro-scratch explains the absence of
strain hardening and no increase in COF (Fig. 3).

4. Conclusions

This study presents the scratch-based deformation behavior of a Hf-
based BMG with the Composition of Hf46.29CU28_]gNi13.91A16.19Nb5.42.
Constant load micro-scratch studies reveal a transformation of the de-
formation from plowing to fracture and chipping with an increasing
normal load. The absence of pile-up of materials at the tip of scratch
and prominent shear bands at the bank of scratches is observed. A
2.6-3.2 times of free volume generation is observed in the surface pro-
files across the scratch. Micro-scratch under ramp load shows reduced
fracture and chipping and larger free volume generation than those
under constant load. Shear band nucleation is easier in ramp loading
and, thus, helps in accommodating more plastic strain. Micro-scratches
show constant COF with increasing load whereas the COF increases for

Table 1
Estimated increase in the temperature for scratches at macro- and micro-scale made with
ramp load (C is a constant).

Normal load (N) C« AT
Macro-scratch 1.25 1890 + 205
2.5 2650 + 256
5 4080 4+ 385
Micro-scratch 0.002 750 +£ 79
0.004 690 + 68
0.008 570 £+ 53
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macro-scratches. This behavior suggests that more strain hardening
occurs in the case of macro-scratch. Higher strain rate and more heat
generation in the case of macro-scratch can possibly lead to nano-
crystallization in shear bands, which assists in further strain hardening.
Two different sets of shear bands are formed at the bank of scratches,
due to simultaneous application of normal and shear loads. The small ser-
rations in the lateral force plot are correlated with the width of shear
bands which are generated to accommodate lateral strain.
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