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Abstract

This paper presents studies on mechanical properties of a Zr-based metallic glass by using spherical indentation and nano-indentation
techniques. The spherical indentation investigates mechanical properties of the Zr-based metallic glass as a function of indentation strain.
The results show that the Zr-based metallic glasses have almost perfect plasticity with little strain hardening. During fully plastic stage, spiral
shear bands appear inhomogeneously around the impression of the spherical indentations. The shear bands initiate from the impressions a
an angle slightly deviating from the pure shear stresses in the free surface. Further nano-indentations by using Berkovich tip made around
the spherical indentation impression show that there is a zone of lower hardness around the impression of the spherical indentation. SEM
and AFM images show that there exists significant different pile-up behaviors of the impressions by the nano-indentation far away and near
the spherical indentation impression. Near the spherical indent, less pile-up is formed around the impression of nano-indentation, and this
is assumed to be the result of the intersection between the pre-introduced shear bands by the spherical indentation and the new shear band
induced by nano-indentation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [3-5]. For example, Vaidyanathan et 8] have conducted
Berkovich indentations and finite element simulations on
Bulk metallic glass (BMG) can exhibit either inhomoge-  7r,; 55Ti1375CW25Ni10Bex2 5 and found that normal stress
neous or homogeneous mechanical behdiiprdepending  sensitive Mohr-Coulomb yield criterion can be applied to
on the environmental temperature and stress state. At highthis material. Kim et al[4] have also conducted Berkovich
temperature and low stress, especially in the supercooled lig-nano-indentation on 2p5Cui79Ni146Al 10Tis at room tem-
uid region, metallic glass shows a homogeneous mechanicaberature and explored the shear bands by using of transmis-
behavior and exhibits significant plasticity. While at room sjon electron microscopy. They found that nanocrystallites
temperatureT;) and high stress, inhomogeneous, severely nucleate in and around shear bands produced near indents
localized shear bands occur. These bands can result in &and these nanocrystallites are the same as those formed
rapid band propagation and catastrophic failure under tensileduring annealing without deformation. They attributed the
stress, revealing no evidence of macroscopic plastj2ity nanocrystallites to the high atomic mobilties caused by
Indentation experiment, traditionally as a hardness test-flow dilatation in the shear bands. Schuh and NEjhhave
ing method, can introduce a constrained or stable stressconducted nano-indentations on Pd- and Zr-based bulk
field and thus provides a way to characterize multiaxial metallic glasses with loading rates from 0.02 to 300 mN/s.
plastic deformation of bulk metallic glass &. Much They found that stepped load-displacement curves, corre-
work has been done to investigate the mechanical be-sponding to the serrated flow during nano-indentations, oc-
havior of bulk metallic glasses through sharp indentation curred at very low loading rates. At high loading rates, the
serrated flow was completely suppressed. They attributed
* Corresponding author. these results to the kinetic limitation for shear bands. When
E-mail address; ky-zeng@imre.a-star.edu.sg (K. Zeng). the applied loading rate is low, a single shear band can
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rapidly accommodate the deformation and thus serrated
flow occurs. In contrast, when the loading rate exceeds the
rate of relaxation by a single shear band, multiple shear
bands have to operate simultaneously and lead to smooth
load-displacement curves.

Most of the studies on indentation behaviour of BMG
have been using sharp indenter tip, i.e., pyramidal or con-
ical tips. Due to the geometrical similarity, the indentation
strain produced by sharp indenter remains a constant during
indentation, independent of the applied Id&#l It is there- \\ Plastic zone //
fore difficult to provide information of BMG mechanical ~ -
behaviour at different strain stages by using the sharp inden-
ter tips. While for the indentations with the spherical tips,

the indentation strain increases with the load applied to the ¢ very low load, metals deform elastically amdncrease
indenter. This gives the possibility to study the mechanical {qards 3. Later, Tabd®] proposed that the lower limit of
properties as the function of the indentation strain. In this Meyer's law depends on the hardness of the metal under in-
paper, we therefore explore the mechanical behaviour of agentation. Based on finite element investigatifi®], Her-

Zr-based bulk metallic glass based on spherical indentationpert et al. have proposed that this lower limit should be at
and nano-indentation techniques. d/D = 0.16[11].

Fig. 1. Schematic drawing of spherical indentation.

Assuming that the yield stress is a simple power func-
tion of strain, Tabof12] deduced the relationship between

2. Theory of spherical indentation Meyer's indexn and the strain-hardening indexas follows:

The deformation of metals under spherical indentation # = 2+ x (2)
normally experiences three stad&s8], which can be dis-
tinguished by the parameter definedRs'Y, wherePy, is
the mean pressure in indentation ana the flow stress of
metals. WherPy/Y < 1.1, the deformation is fully elastic.
As soon a$n/Y reaches 1.1, plasticity initiates at the point
of maximum shear stress beneath the centre of contact cir
cle. As the load increases in the material, mean preg3yre

raises and the plastic zone expands. At this stage, for ang,tace inside the contact circle, all the principal stress are
elastic-perfectly plastic material, the flow stress keeps as acompressive and; > o > o3. This relationship is valid

constant, while for elastic-plastic material; the flow stress in- for most of the contact area. In the free surface outside the
creases e, Wh_'Ch corregponds to the strairat that Io'ad. contact circle, however, the stress field is quite different
As the indentation load increases further, the plastic zone (Fig. 2. o1 becomes tensile ane, remains compressive

expands to the free surface of the material and the whole ¢ \\hich the magnitudes are the same and decrease with
material around the indenter is in a plastic status. At this radial distance. The radial stress, is mainly responsible

~

point, Pn/Y or Pm/Y, = 3, full plasticity is reached. If the
load increases further, for elastic-plastic material the ratio of
Pm/Ye remains approximately constant with b&f andY,
increasing tillPy, reaches the ultimate hardness; while for
elastic-perfectly plastic materidP,, keeps almost constant.
Meyer[9] found that for various metals under indentation
with a ball of fixed diametebD, the indentation loa#, and
diameter of contact (Fig. 1), have following relation

P = Kd" 1)

To investigate the mechanical behaviours of metallic
glasses under spherical indentation, it is helpful to under-
stand the stress distribution around the indenter. The contact
between a hard spherical indenter and a flat surface is a spe-
cial case of the well-known Hertz contact. In Hertzian stress
field, there are three principal stres$&3]: radial streseq,
hoop stressr> and the stress along load axis;. At the

Radial stress
(tensile)

Hoop stress

A Y

iy / {compressive)
v
A

T 50

/ ~Shear stress
direction

whereK andn are material constants.is called Meyer in-
dex and usually has the value between 2 and 2.5. For fully
annealed metals) is near 2.5; and for fully work-hardened
metals it is around 2. This relation is considered valid to
the point ofd/D = 1, that is, the penetration depth is al-
most the same as the radius of the ball indenter. However,
there is a lower limit to this equation. Meyer found that this rig. 2. Schematic drawing showing stress distribution in the free surface
lower limit is d/D =0.1, where full plasticity is developed. around spherical indent.
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for the crack initiation and the hoop stress, expands it 6
into a ring crack.oz drops to zero. This is an indication 1 - N
that the stress outside the contact circle is under pure shear 51 o=
stress at 45to the radial direction. T s
841/
o 1
S 34
3. Materials and indentation experiments 2 | Indenter radius: 200 um
&
24
Bulk metallic glass Zr-5Ti—17.9Cu—14.6Ni—10Al (wt.%) §
(vit105) was prepared by arc melting the pure elements un- = 1
der a Ti-gettered Ar atmosphere, followed by casting in a .
water-cooled copper mould. The resulting ingot dimensions 0 T

were 1.6 mmx 5mm x 30mm. The morphology of the 0 40 80 120 160 200 240
material was examined by using X-ray diffraction (XRD, load (N)

Gadds XRD system, Bruker, USA) Wlt_h CmKrannon. . Fig. 3. Mean pressure vs. indentation load for metallic glass vit105
The as-cast samples were mechanically polished to mir- gptained by spherical indentation using a indenter with radius 0200
ror smooth and then indented by a spherical diamond inden-

ter tip with a nominal radius of 200m (Gilmore Diamond
Tools, RI, USA). A series of indentations with loads from
10 to 240N at displacement rate of 0.1 mm/min were con- . . . , )
ducted using Instron Micro-force Tester (Instron Ltd., USA).  F9- 3 showed the relationship between the indentation
The dimensions of the residual indents were measured using"€an Pressures and the indentation load resulting from the
optical microscope immediately after indentation. Fracture spherical indentation with the indenter radius of 200.

strength of the as-cast vit105 was also determined through | N€ mean pressure was definegag= P/A whereas\was
un-constraint compression test, the specimens had dimen-the contact area measured after indentation by using optical

sion of 1.5 mmx 1.5 mmx 3 mm. the tests were done with microscope. The mean pressure increased with increasing
the strain rate of 10* using the Instron Servo-hydraulics load until it reached to about 5.5 GPa at the load of 160 N.

universal test machine. After that, the mean pressure is kept as almost constant upon
To investigate the effects of the residual plastic strain due further increasing of th_e indentation loads. The average mean
to spherical indentation on the material, nano-indentations Pressure value was slightly lower than the hardness obtained
were conducted using a standard Berkovich indenter tip USiNg nano-indentation reported in the literat{ts]. We
on a Nano-indenter (UMIS-2000H, CSIRO, Australia) at believed that this difference was due to the material pile-up
40mN on the free surface radially outwards with spacing of ground ’Fhe nano-indentation, Wh'_Ch was an important factor
20pm in 12 symmetrical directions. The nano-indentations |r!fluenC|ng the results of nano-indentation and would be
were placed from 20 to 240m away from the spherical  discussed below. .
indent edge. The nano-indentations were further examined ' e relationship betweeR andd for vit105 was shown
under Scanning Electron microscopy (SEM, JEOL 6700F, &S @ plot of logf) versus logd) in Fig. 4. As shown in the
JEOL Ltd., Japan) and Atomic Force Microscopy (AFM, figure, the initial stage of the curve had a slope of about
MultiMode®, Veeco, USA) to study the deformation pat-

4.2. Spherical indentations

terns around the indentations. i T T T T T T T
' lg(P)=2.02*1g(d)-2.43 /
4. Results and discussion 2.0 - o 4
@
4.1. Morphology of vit105 ] *
% 1.6 - 1

The XRD measurement of the as-cast vit105 showed that
there was no evidence of crystalline structures in the mate-
rial. Further, Differential Scanning Calorimeter (DSC, DSC 1.2 -
2900, TA Instruments, USA) measurement at a heating rate
of 10 K/min showed several crystallization peaks upon heat-
ing up to 873 K. These results indicated that the vit105 had
amorphous structure at room temperature, whereas crystal-
lization occurred only at the high temperature. These results
were in good agreement with the results for this alloy re- rig. 4. Relations between Iogf and logf) to reveal the values df in
ported in the literatur§l4,15] Eq. (1)

1g(P)=2.46*1g(d)-3.35

0.8 T Y T T T ¥ T

lg(d)
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2.5. Since at the elastic stage during spherical indentation,which might lower the strength. The lack of apparent plastic
the value ofn should be near to 3, the present result sug- deformation indicated that compression failure took place
gested that even at load as small as 10 N, plastic deformationmost likely before yielding and the yielding stress should be
most likely already took place beneath the spherical indent. higher than 1.7 GPa for vit105. If we assumed the yielding
As the load increased further, the slope decreased and apstress of the vit105 to be in the range of 1.7 —1.96 GPa, then
proached to 2 when the load increased to more than 150 N.we found that the ratio ofl/Y were about 3.3-2.8. This re-
According toEq. (2) this indicated that the strain-hardening sult was in agreement with what observed by D§Y& on
index x was about O at this stage, meaning no strain hard- NiggFegP14BgSi> and P@75CusSiies metallic glasses in
ening in this material, which agreed with the characteristics which theH/Y ratios for both alloys were to be around 3.2.
of elastic-perfect plastic properties of the metallic glasses.

4.4. Deformation during indentation
4.3. Yielding stress determined from indentation
When the load increased further to more than 200N dur-

Yielding stress of the vit105 could be determined based ing the spherical indentation, shear bands were found around
on the indentation experiments since the vitl05 showed the indentation impressions. The features of the shear bands
elastic-perfect plastic properties, Tabor has built an em- at the load of 230 N were shown Kig. 5 The shear bands
pirical model that for ideally plastic metals, the hardness originated from the periphery of residual impression and
and yield stress had relationshifyY = 2.8 [9]. Accord- moved outwards in the direction of the shear stresses on the
ing to this empirical model, vit105 should have a yielding free surface. The shear bands were not straight, but were
strength of about 1.96 GPa when the constant mean presspiral in shape. This was because along the shear bands, the
sure (5.5GPa) irFFig. 3 is taken to be the value of hard- directions of the radial, hoop and thus shear stresses were
ness. The values of hardness and yielding stress were coneonstantly changing in a spiral fashion (déig. 2). Such
sistent with those measured on another Zr-based alloy, Vit- spiral shear bands had been found around spherical indenta-
reloy 1 (ZioTi14Ni1oCu12B24) [16,17] This yielding stress  tion on nanocrystalline iron using an automated ball inden-
was higher than the fracture strength of the vit105 deter- tation techniqué¢l9]. It was determined that the shear bands
mined from the un-constraint compression test. The frac- emerged from the indentation at an angle of aboutatd
ture strength from the compressive test was 1.7 GPa with- met each other at an angle of about $09]. In the present
out apparent plastic deformation. This compressive fracture work, however, careful measurement revealed that angles
strength was lower than that reported in the literature for between the shear bands were about 86ar the indent
most of metallic glasses, it might be due to that the com- edge Fig. 6). Since on the free surface around the spheri-
pressive tests were performed with unconstraint condition in cal indent, the stresses were pure shear and alohtp4be

10m

Fig. 5. Morphology for spherical indent on metallic glass vitl05 at load of 280N. Arrows indicated the shear bands due to the spherical indentation.
The indent was located in the left side of the picture.
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Fig. 6. Angles between shear bands nearby spherical indent edge revealed the influence of normal stress on the plastic deformation of metallic glasses

radii near the indent, which translated into an angle ¢f 90 termined by using Oliver and Pharr’s analyfd]. At this
between the pronged shear bands. The angles in our workoad, the material beneath the spherical indent was fully
was different from 90 indicated that the shear band did not plastic and the contact circle had a radius of aboutirh0
follow the maximum shear stress. Many works on metallic Fig. 8revealed that, compared to the area near the spherical
glasses have noted that the shear bands in several metallilmdent, the area far away had higher hardness. In the lower
glasses did not appear to be associated with the plane of maxhardness zone, the hardness decreased further if the indent
imum shear stress, hence accordingly does not follow the by nano-indentation approached to the edge of the spherical
von Mises criterio{17,20] Danavan21,22] has proposed indent.

that the metallic glasses followed the Mohr-Coulomb yield-  This phenomenon was quite different from that reported
ing criterion, in which could be used to predict shear band for the crystalline metals. Tab$t2] measured the Vickers
orientation. Our results presented here were also consistent
with those reported about shear band orientgtlgh20—22]

At the room temperature, the catastrophic failure of metal-
lic glasses in tensile tests made the stress-strain curve simi-
lar to that of brittle material§?]. To compare the spherical Spherical
indentation behaviours between metallic glasses and brit- Indent
tle materials, we also performed spherical indentation on
soda-lime glass. The indentation at a load of 33 N introduced
ring cracks around the contact circle, which were represen-
tative characteristics of brittle materials subjected to spher-

tative : : Suk A A A A A A A A Linea
ical |n(_jentat|0n[1.3,23]. The_nng cracks !ndlcated tha}t the A A A A A A A A Lined
behaviours of brittle materials are dominated by principal )
stresses, not shear stresses as in the metallic glasses. A A A A A A A A Linec
A A A A A A A A Lined
4.5. Nano-indentations around spherical indentation site A A A4 a4 s r Line
A A A A A A A A Linef
Fig. 7 schematically showed the general pattern of the A A A A A A A A Lineg

nano-indentations made around the spherical ind€gt.8 _ _ _ _

showed the averaged hardness values in the free surface me&i9: 7- Schematically drawing of the patterns of Berkovich nano-
d by nano-indentation as a function of the distance from indentations around a spherical indentation impression, nano-indenta-

sured by ) : tions were made of several lines in the lateral direction of the spherical

the edge of the spherical indent at the load of 230 N. The indents: linesa andb were in the pre-introduced shear bands zone near

hardness values from nano-indentation experiments were dethe spherical indent; linesand g were beyond the zone.
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L B B B B B (projected) contact area was deduced from the indentation
!/} I\./i—‘I""_*_'\i/"i ] erth. By _applying cpntrol!ed stresse_s by bending the spec-

—E/ i i imen, Tsui et al[26] investigated the influences of applied

' stress on the measurement of hardness by nano-indentation.

They found that the conventional observation of dependence
: of hardness on residual stress state is due to the error in
44 : . contact area calculation arising from pile-up. After taking
Lower Normal pile-up into account, they found that residual stress did not
hardness hardness ] affect the hardness measured from nano-indentation.
2 zone zone i In the present work, it was clear that the pile-up around the
' nano-indentation impressions diminished in approach to the
spherical indent. We believed that the influence by residual
stresses could not fully explain the phenomenon here as the
metallic glass deforms elastically outside the shear bands
and the stresses were released after the spherical indentation
Distance from the edge of spherical indent (um) load is removed.

Takayamd27] had investigated the drawing behavior of
IF‘d77,5CueSi16,5 metallic glass wires and found that the plas-
tic flow within the shear bands at the exit of the die did
not continue and result in fracture owing to work softening.
hardness on the free surface around the spherical indentaHe proposed that this was due to the anti-action of work
tion impression of various sized/D) formed in mild steel. hardening resulting from the intersection of shear bands,
He found that outside the spherical impression, the Vickers which stopped the further movement of shear bands. He
hardness increased by more than 400 MPa when approachedlso observed terminations of shear bands by other bands.

Hardness (GPa)

L L L AL D L L
0 40 80 120 160 200 240 280

Fig. 8. Hardness measured by nano-indentation around a spherical inden
with radius of 11Qum on metallic glass vit105.

to the edge of impression. Later, Williams and O'NE25] After drawing, the specimen with such pre-existing shear
made surface and sectional explorations in annealed cop-bands exhibited more elongation and slightly higher fracture
per subjected to spherical indentation of various sidé3)( stress during tension tests. Later on, Hagiwara ¢28].ob-

They found that the zone around indentation had higher served similar phenomena in drawn wire of metallic glass
hardness and that larger spherical indentation size led to aCo725Si125B15. They studied the tensile strength and the
greater increase to the hardness around it. fracture elongation for this alloy with various cold-drawn

In order to determine the reasons of the apparent soft-reductions in area and found that the strength and elonga-
ening around the spherical indent in metallic glasses, we tion increased till the area reduction reached about 60 and
selected some typical indents in both the softened and the30%, respectively. On the bending samples after cold draw-
normal zone for details study. SEM and AFM images for ing to 41% reduction, they also detected that a large number
the indent in the lines (a), (d) and (g) (sEg. 7 for de- of shear bands intersected each other and others terminated
tail), were shown inFig. 9(a)—(f) The indents in the line  some. Kimura and Masumot@] attributed the enhanced
(a) were within the zone of the pre-introduced shear bands,elongation to local yielding in the pre-existing shear bands
the indents in the line (d) were at the boundary of the and the higher fracture stress to the intersection of shear
pre-introduced shear bands, and the indents in the line (g)bands. However, it should be noticed that, as pointed out
were in the normal zone where no pre-introduced shearby Kimura and Masumot¢2], such work hardening was
bands. It is revealed that for the nano-indentations madenot intrinsic (physical) strain hardening, since an individual
from line (a) to line (d) and further to line (g), the side shear band was of an ideal-plastic nature and the material
lengths of nano-indents, or the “apparent” projected con- outside the shear band possesses no plastic strain. It was of
tact area was kept decreasing. In the nano-indentation, thesénterest to note that such situation seldom occured in metal-
apparent contact areas were used to calculate the hardnessic glasses subjected to uniaxial loading such as tension and
It was clear that the increase in the apparent contact areacompression tests, where shear bands did not intersect with
was responsible for the apparent decrease of hardness in theach other. This suggested that this phenomenon is domi-
softened zone. However, in the softened zone, almost no ornated by the intersection of the shears bands due to the dif-
only small pile-up around the nano-indentation impression ferent stress states.
could be foundFig. 9(a—d), while in the normal zone, large During the indentation, pile-up usually took place in
pile-up was found around the nano-indentation impressions.ideally plastic materials and sink-in occurred in strain-
On one side of the nano-indentation impression that was lo- hardening materials. For ideally plastic materials, the part
cated in the normal zone, the pile-up even extended to thenear the indenter was stressed and moves upwards around
corners Fig. 9(e, f). the indenter, forming pile-up. For strain-hardening materials,

Pile-up was an important factor influencing the results the most stressed part near the indenter was hardened and
and analysis of the nano-indentation tests, during which the moves downwards along with the indenter, forming sink-in.
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Fig. 9. SEM and AFM images for Berkovich nano indents around spherical indent with radius pfriLl1@, b) The first indent; (c, d) the fourth indent;
(e, f) the seventh indent.
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In this case, the material far away from the indenter could cal indentation and nano-indentation experiments. We find
move both upwards and outwards. In our work, the metallic that spherical indentation is a good method to study the me-
glass far away from the spherical indentation impression chanical properties of the metallic glass as the function of
showed obvious pile-up during nano-indentation, exhibit- indentation strain. The results shows that metallic glasses
ing ideal plasticity. However, because of ideally plasticity have constant hardness upon indentation strain increases to
of metallic glasses, the disappearance of pile-up arounda fully plastic stage, showing the ideal plasticity of metallic
nano-indentation near the spherical indentation impressionglasses. It is found that the vit105 has hardness of 5.5 GPa
could not explained by the concept of strain hardening. and yielding stress of 1.96 GPa by using spherical inden-
Since the pile-up (or plastic deformation) of metallic glasses tation. These results are consistent with others reported in
took place through shear band movement, we believed thatthe literature. During the fully plastic stage, spiral-like shear
the pile-up disappearance is due to the intersection betweerbands appear around the spherical indent, indicating that the
the pre-existing shear bands (by spherical indentation) andplastic deformation of the metallic glass is dominated by
the new shear bands (by nano-indentation). This result wasshear stresses. The slight deviation of shear bands from the
similar to that presented by Gilbert et §29], in which direction of pure shear stresses in the free surface reveals
they indicated that the shear bands did cut through eachthe influence of stresses within the interior of specimen on
other. A possible explanation for this phenomena was that the propagation of shear bands. Within close vicinity of the
the plastic flow surrounding the nano-indentations near the spherical indent, Berkovich nano-indentations introduce lit-
spherical indentation was somewhat accommodated by thetle pile-up. This is most likely due to the intersection be-
reactivation of the pre-existing shear bands. It has beentween the pre-introduced shear bands produced by spherical
suggested that the shear bands were regions of higher freendentation and the new shear bands by nano-indentation,
volume[30], therefore it was reasonable to assume that this which can suppress the new shear bands and thus the pile-up
region would be weaker than the surrounding material and around the nano-indentation.

more prone to additional deformation. These moving shear

bands also inhibited the motion of the new shear bands and

for the pile-up around nano-indentation to occur. Another Acknowledgements
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