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This  work  deals  with  the  indentation  behavior  of Zr69.5Al7.5  −  xGaxCu12Ni11 (x =  0, 1.5,  7.5  at.%)  alloys.  A
comparison  between  their  nanohardness  and  reduced  elastic  modulus  values  of the  as-synthesized  glassy
phase with  their  nanocomposites  has been  made.  The  indentation  characteristics  of a  novel  Ga  substituted
glass  composition  corresponding  to x = 7.5  have  shown  significant  improvement  in  regard  to hardness
and  elastic  modulus.  The  evidence  of  pile  up  has been  observed  in  case  of  as-synthesized  glassy  ribbons.
eywords:
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uasicrystals
apid solidification
uenching
echanical properties

tomic force microscopy (AFM)

The  load  (P)  versus  depth  (h) curves  for as-synthesized  melt–spun  ribbons  displayed  the  presence  of
displacement  burst,  which  are  known  as  pop-ins.  The  amount  of  energy  per unit  volume  required  for
the  shear  band  formation  in glassy  state  has  been  estimated  based  on  the pop-ins  observed  in P–h  curve.
This  seems  to decrease  with  Ga addition.  Based  on  transmission  electron  microscopic  observations  of
indented  glassy  specimen,  the  possibility  of nanocrystallization  has  been  ruled  out.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

We  report indentation behavior of metallic glass (MG) and
lass–nanocrystal (nc)/nanoquasicrystal (nqc) composites in the
lloy system Zr69.5Al7.5 − xGaxCu12Ni11 (x = 0, 1.5 and 7.5 at.%). The
ulk metallic glass (BMG) composition Zr69.5Al7.5Cu12Ni11 (for

 = 0) is a widely studied system [1–4]. Various aspects of such
MG  like glass forming ability, mechanical behavior, and alloying
dditions have been investigated. Many alloying additions in this
lass of BMG  have been reported [5–7]. However, Ga addition on
l site has not been studied prior to our detailed investigations
n the synthesis and characterization of Ga substituted Zr-based
lloy [8].  The alloy design principle adopted in arriving at Ga sub-
tituted glass compositions pertains to retaining e/a constant. In
his respect, Ga substitution on Al site seems to be ideal. It is well
nown that Ga is normally substituted in isovalent state vis-a-vis
hat of Al [9,10].  It is worth-mentioning here that Ga may  possess

onovalent state. The radius of Ga1+ is greater than that of Ga3+. The
adius of Ga3+ is comparable to Al3+. The mixed valence states of Ga

n the glass composition may  change the nature of local cluster in
he liquid state and there by influencing the crystallization kinetics
hile annealing the glass at appropriate transformation tempera-

∗ Corresponding author. Tel.: +91 5422369436; fax: +91 5422369478.
E-mail addresses: rkmandal.met@itbhu.ac.in, rkmandal21@yahoo.com

R.K. Mandal).

925-8388/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.06.076
ture. The proposition of existence of clusters in supercooled liquid
has been in the centre of model of structure of metallic glasses [11].
We refer the readers to our earlier work [8] for knowing nature of
crystallization with respect to x. We  have also reported changed
transformation behavior of glasses at x > 1.5. For x = 0, we  have the
well investigated Zr-based alloy [1–4] and for x = 7.5, we have a new
glass composition. It has been found in earlier studies that minor
alloying addition in Zr/Ti-based alloys influences their mechani-
cal, thermal and hydrogen storage properties [12–16].  The purpose
of this communication is to compare the indentation behaviors
of three glasses (x = 0, 1.5 and 7.5) and their respective nanocom-
posites obtained after controlled crystallization. We  have chosen
these for aforesaid reasons. The observation of nanocrystallization
during indentation experiment [17–19] is another important area
of investigation. We  have tried to delineate this with the help of
transmission electron microscopic studies on the indented spec-
imen of the as-synthesized glasses. The indentation size effects
during micro-/nano-indentations have been reviewed earlier [20].
The studies of mechanical behavior of nanostructured and glassy
materials have offered new challenges both from theoretical and
experimental aspects. The latter is due to the non-availability of
larger size of specimens to conduct tensile, compression or torsion
tests [21,22]. Former relates to absence of dislocation activities.

Glasses do not have dislocations owing to absence of long range
atomic orders where as nano-sized crystalline grains cannot have
enough dislocations for plastic deformation. The glass–nqc/nc com-
posites offer new range of complexity of hetero-phase interfaces

dx.doi.org/10.1016/j.jallcom.2011.06.076
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:rkmandal.met@itbhu.ac.in
mailto:rkmandal21@yahoo.com
dx.doi.org/10.1016/j.jallcom.2011.06.076
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etween the glasses and nqc/nc. Many comprehensive reviews are
vailable in literature on some of these aspects [23,24]. However,
he submicroscopic stimulus giving rise to typical signatures during
ndentation has not been understood so far.

. Experimental details

The alloy ingots of compositions Zr69.5Al7.5 − xGaxCu12Ni11 (x = 0, 1.5 and 7.5 at.%)
ere prepared in Ar atmosphere by melting high purity Zr (99.9%), Al (99.96%), Ga

99.99%), Cu (99.99%) and Ni (99.99%) in a silica crucible using a RF induction furnace.
he alloys were then melt–spun onto a Cu-wheel rotating at a speed of 40 m/s. The
ibbons were prepared by flowing Ar gas continuously. The length and thickness of
he  ribbons were ∼2 m and ∼40 �m,  respectively. Ribbons thus produced were then
acked in a Ta foil and were sealed in a silica ampoule under an Ar atmosphere for
nnealing experiment.

The as-synthesized ribbons were examined using X-ray diffraction (XRD) and
ransmission electron microscopy (TEM) to confirm the formation of amorphous
hase. The details of structural, microstructural and thermal characterization of as-
ynthesized as well as those of annealed ribbons have been reported elsewhere
8].  The SHIMADZU HMT-2T microhardness tester was utilized for micro-hardness
tudies having Vickers indenter. The experiments of nano-indentation were carried
ut  using Hysitron Triboscope 4 with a Berkovich indenter for the as-synthesized
s  well as heat treated samples. Nano-indentation tests were performed when the
hermal drift dropped down to 0.01 nm/s. The impression of indent after the test was
xamined with the help of Veeco Scanning Probe Microscope having NanoScope IV
ontroller. The indented samples were also observed under environmental scan-
ing electron microscope (ESEM) (Quanta-200) for topological characterization for
etting better depth of field. For deciphering the possibility of nanocrystallization,
ransmission electron microscopic examinations of the indented glassy specimens
ere carried out. The thinning of such specimen was  done from the opposite face of

ndented surface only. An electron probe micro analysis (EPMA; model: SX100, Ms
ameca, France) was employed for the compositional analysis.

. Results and discussion

.1. Microstructural and structural features

We  begin this section by giving the TEM micrograph of melt
pun ribbon corresponding to Zr69.5Al7.5 − xGaxCu12Ni11 (x = 7.5). As
entioned earlier, this is our novel glass composition and con-

rast free microstructure is seen in Fig. 1. For x = 0 and x = 1.5,
e have observed similar features. The glass–nc/nqc composites

re produced after controlled crystallization of melt spun rib-
ons corresponding to compositions x = 0, x = 1.5 and x = 7.5 [8,25].
or the sake of completeness, we display the TEM micrograph of
hese composites. Inset in them demonstrate the presence of crys-
alline/quasicrystalline particles embedded in the glassy matrix (cf.
ig. 2(a–c)). The composition x = 1.5 is the threshold after which the

omposites consist of two phases embedded in the glassy matrix.
hese two phases are the icosahedral and Zr2Cu intermetallic ones.
n the Ga bearing glass composition (x = 7.5), we have observed
he finer grains of both these phases. We  have noted a system-

ig. 2. TEM microstructures and the corresponding diffraction patterns of Zr69.5Al7.5 − xGa
Fig. 1. TEM image and the corresponding diffraction pattern of as-synthesized
Zr69.5Ga7.5Cu12Ni11 alloy.

atic change in the size of quasicrystalline grain with respect to Ga
substitution [8]. We  may  understand this by recalling expression
[26,27] of the steady state nucleation rate (Is) and is reproduced
below

Is = A exp

[
−16˘�3

3KT(�Gv)2

]
(1)

where A = dynamical prefactor, is a function of the atomic mobil-
ity at the interface between the nuclei and the liquid/glass and
�Gv = driving free energy per unit volume for the phase transfor-
mation. Within the classical theory of nucleation, the nucleation
barrier is governed by interfacial free energy (�) between the nuclei
and the liquid/glass [26]. It indicates that the decrease in � between
the icosahedral quasicrystalline nuclei and the liquid with increas-
ing Ga content contributes to the increase in the nucleation rate.
The relevant interfacial energy per unit area of Ga (∼0.6 J/m2)
is reported to be lower than that of Al (∼1.2 J/m2) [9,28].  Thus
Ga substitution may  be reducing the interfacial energy between
quasicrystal and remaining amorphous phase, thereby increasing
the nucleation rate of the crystalline/quasicrystalline phases. We
have evidence of icosahedral phase formation for all the annealed
glasses. We  therefore surmise that the supercooled liquid has local
icosahedral order present predominantly throughout the range of
compositions (x = 0–7.5). As a consequence of this we observed

icosahedral grains after controlled crystallization of melt spun rib-
bons (cf. inset of Fig. 2(a–c)). In addition to this, we have formation
of Zr2Cu phase for all compositions above x = 1.5. As mentioned in
introduction that Ga may  be in 1+ and 3+ states in alloy composi-

xCu12Ni11 alloy with x = 0 (a), x = 1.5 (b) and x = 7.5 (c) formed after heat treatment.
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Fig. 3. SEM micrographs for the as-synthesized (a) and annealed ribbons (b) of x = 7.5 displaying shear bands.

Table 1
Mechanical properties of as-synthesized and annealed ribbons of Zr69.5Al7.5 − xGaxCu12Ni11 (x = 0, 1.5 and 7.5) alloys.

x (at.%) As-synthesized ribbons Annealed ribbons

Microhardness
(GPa) at 100 g load
(±0.1)

Nanohardness
(GPa) at 5000 �N
(±0.2)

Reduced modulus
(GPa) at 5000 �N
(±5.0)

Microhardness
(GPa) at 100 g load
(±0.1)

Nanohardness
(GPa) at 8000 �N
(±0.2)

Reduced Modulus
(GPa) at 8000 �N
(±5.0)

t
g
t
a
t

F
s

0 4.7 8.7 98 

1.5  6.1 9.5 112 

7.5  6.6 11.8 140 

ions. The interfacial energy and associated geometrical structure

ets influenced by these two electronic states of Ga. Former fac-
or will be responsible in controlling the kinetics of transformation
nd latter must be changing the associated lattice parameters of
he respective phases (icosahedral and Zr2Cu).

ig. 4. AFM observation of the nanoindentation imprints from the as-synthesized (a and
howing the tip image of nanoindenter.
6.7 11.5 115
7.5 12.8 136

10.1 14.4 151

For knowing composition, EPMA was  performed for the as-

synthesized alloys of Zr69.5Al7.5 − xGaxCu12Ni11 with x = 0, 1.5 and
7.5, respectively. Based on the EPMA analysis the composition of the
alloys (in at.%) has been found to be Zr69.6Al7.6Cu12.5Ni10.3 (for x = 0),
Zr69.2Al6.2Ga1.6Cu12.8Ni10.2 (for x = 1.5) and Zr69.4Ga7.7Cu12.5Ni10.4

 b) and annealed ribbons (c and d) of x = 0 and x = 7.5 at 5000 �N. The inset of (d)
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ig. 5. (a) SEM image of a microindent (Vickers) depicting the formation of shear
dges  for as-synthesized ribbon of x = 1.5.

for x = 7.5). Within the limit of detectability of EPMA, no discernible
vidence of oxygen in the ribbons was found.

.2. Indentation behavior

In this section, we present the results of indentation behavior of
he three glassy compositions and their respective composites. We
ave made extensive investigations on the micro-/nano-hardness
tudies of these materials. Fig. 3 depicts the images of micro-indent
or the as-synthesized and annealed ribbons of x = 7.5. Table 1 com-
ares the values of microhardness of the glassy as well as their
rystallized phases. We have noted a gradual decrease in the num-
er of shear band formation in annealed condition vis-a-vis that of
lassy state. After annealing it is the volume fraction of nanocrys-
alline/nanoquasicrystalline phases, which governs the behavior of
ndentation. For x = 7.5, in addition to quasicrystalline phase, we
ave Zr2Cu intermetallics phase also present in the composites.
hus, this glass–nc/nqc composite possesses different indentation
haracteristics. The presence of nc and nqc must be restricting the
ropagation of shear band in the glassy matrix during indentation.
e note from Table 1 that annealed ribbons for x = 7.5 display the

ighest microhardness value (∼10 GPa). This may  be the combined
ffects of decrease in the grain size due to Ga substitution. The value
f microhardness at 300 g load for as-synthesized and annealed
amples of x = 1.5 are ∼4.81 GPa and ∼5.89 GPa, respectively, which
s quite close to that of Zr–Al–Ni–Cu–Ag and Zr–Al–Ni–Cu–Nb

etallic glasses and their nanoquasicrystal composites [29].
Having investigated the microhardness behavior of glasses and

heir composites we now present the results of nanoindenta-

ion. This is essential to comprehend the nature of indentation
t sub-microscopic scale as well as the plastic deformation under
ompression of the specimen containing nc/nqc phases in their
omposites. Fig. 4(a–d) is the indentation impressions of Berkovich

Fig. 6. (a) SEM Image of a microindent (Vickers) and (b) line scan acro
 and (b) line scan across nano-indentation (Berkovich) showing the pile-up at its

indentor at 5000 �N. These are to compare the indentation impres-
sions of the glassy phase with that of their nanocomposite. Fig. 4(a
and c) corresponds to x = 0, whereas Fig. 4(b and d) refer to x = 7.5.
The inset in Fig. 4(d) shows the tip image of the nanoindenter. We
note clearly the presence of fine grains in Fig. 4(c and d) that are
absent in Fig. 4(a and b). The indent size changes with partial crys-
tallization and no cracking occurred. In these images, the height
contrast around the impression is due to pile up. The contrast of
the pile up in annealed ribbon is not as distinct as it is in case of as-
cast glassy sample. The macroscopic flow behavior must be related
to shear banding operations. Pile-ups, at which shear band reach
the surface, are extensively observed around indents in amorphous
alloys [30,31]. The characteristics of the material pile up around the
nano-indents were investigated for as-synthesized and annealed
ribbons of x = 1.5 (Figs. 5 and 6). The formation of shear bands is
seen in SEM and AFM images (Fig. 5(a and b)), respectively. The
characteristic radial patterns around indentation periphery con-
stitute pile up and an SEM image of micro-indent displays this in
Fig. 5(a). The AFM image of the indent and cross sectional profile
for the melt spun alloy of x = 1.5 are shown in Fig. 5(b). Based on the
observations in Fig. 5(a and b) it is clear that the features around
the indent represent overlapping layers of displaced material. The
plastically displaced material is expected to flow up to the faces of
the indenter due to the incompressibility of plastic deformation.
This is particularly true in the case of metallic glasses [30]. Fig. 6(a
and b) shows the SEM image of a micro-indent and line scan across
nanoindentation for annealed ribbon of x = 1.5. No significant pile
up has been observed in the case of annealed ribbons. Thus, it is
evident from Figs. 5 and 6 that the pile up of materials around the

indents observed in case of amorphous samples appears to be more
significant than that of heat treated samples. The presence of exten-
sive shear bands beneath indents in amorphous alloys has been
confirmed by many investigators [32–34].

ss nano-indentation (Berkovich) for annealed ribbon of x = 1.5.
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ig. 7. Plot of the indentation force (P) versus indenter displacement (h) obtained fr
.5  and 7.5, respectively.

Fig. 7(a–c) depict the load (P) versus depth (h) behavior of melt
pun ribbons whereas Fig. 7(d–f) displays the P versus h charac-
eristics of their respective composites. Table 1 gives the values

f nanohardness and reduced modulus for the alloys with x = 0,
.5 and 7.5, respectively. The nanohardness for the as-synthesized
lloys (x = 0–7.5) lies in the range ∼9–12 GPa. Reduced modulus is
ne of the fundamental properties and is sensitive to compositions
noindentation tests for the as-synthesized (a–c) and annealed (d–f) ribbons of x = 0,

of the alloy as well as atomic arrangements. The reduced modulii
for the as-synthesized alloys (x = 0–7.5) are found in the range of
∼98–140 GPa. Our results of nanohardness and reduced modulus

are comparable to those of the Zr-based alloys [24,35,36].  As evi-
dent from Table 1, composites possess higher micro-/nanohardness
values vis-à-vis those of as-synthesized alloys. Ramamurty et al.
[37] reported improvement in stiffness and strength values due
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Fig. 8. Bright field TEM images of the indented portio

o the presence of nanocrystalline particles for the glass–nc com-
osites. As is well known [30,38] mean contact pressure or
anohardness value is higher than that of Vickers hardness value.
he difference in the values can be attributed primarily to (i)
ndentation size effect (ii) actual and projected area of contacts
espectively for nano- and micro-hardness measurements. The
loser look of P versus h curves (cf. Fig. 7) reveals that for the
elt–spun ribbons we have appearance of pop-ins during load-

ng (marked by arrow in Fig. 7(a–c)). According to Drozdz et al.
39], these pop-ins indicating displacement bursts signify the for-

ation of shear bands. They reported prominent pop-ins in case
f amorphous alloys while the presence of such events is either
ess prominent or even completely suppressed in case of annealed
lloys. Our observation is in agreement with the results reported
arlier [31,39,40].  We  do not observe pop-ins in composites. This
ay be due to the presence of nc/nqc grains in the glassy matrix.

he structural features largely dictate the nature of deformation
nd chemistry can only influence such behavior in a quantitative
ay. This is the reason why  we observe similar kind of P versus h

urves corresponding to x = 0 and x = 7.5 after crystallization of the
lasses.

The plastic deformation of metallic glasses during nanoinden-
ation experiment has been found to be typically associated with
op-in events [41,42]. These are associated with the energy barri-
rs for shear band nucleation. The low energy barrier is expected to
ead to the easy nucleation of shear bands [42]. By the employment
f depth sensitive nanoindentation, the work per unit volume (W/V)
equired for the formation of shear band induced pop-in burst dur-
ng nanoindentation loading can be calculated. We  have made an
ttempt to compute the value of W/V during pop-in events of the
elt–spun glasses. To accomplish this, we have found out the max-

mum load (P) and its corresponding value of plastic depth (hc) at
ifferent loads for x = 0 and 7.5 specimens. Following this, a linear
t between them was generated. The resulting two  equations thus
btained are given by:

(x=0) = 51hc − 1617 (2)

(x=7.5) = 62hc − 2370 (3)

Eqs. (2) and (3),  respectively, correspond to MGs  with x = 0 and

 = 7.5. For a maximum load of 4000 �N, the loads (F) during pop-in
vents for x = 0 and x = 7.5 have been found to be equal to ∼2949 �N
nd ∼3015 �N, respectively. Substituting the values of these loads
n Eqs. (2) and (3),  the corresponding values of plastic displace-
s-synthesized thinned specimens for x = 0 and x = 7.5.

ments are calculated. The amount of energy per unit volume (W/V)
required for the pop-in event has been computed by employing
following expression:

(W/V)x=0 = Fx�d

Axhc
(4)

where F is the applied force at the pop-in, �d is the sudden
displacement of the indenter during pop-in event; A is the effec-
tive area corresponding to the plastic depth hc. This is obtained
with the help of well known relationship A ≈ 24.5 hc

2. Energy
per unit volume comes out to be (W/V)x = 0 ∼ 27 × 10−4 eV/Å3. Fol-
lowing similar procedure and employing Eq. (4) we have got
(W/V)x = 7.5 ∼ 14 × 10−4 eV/Å3. We  attribute these energies to be
associated with the shear band formation ability of metallic glasses.
The energy required for the shear band formation is reduced due
to Ga addition. The reduction in energy with Ga addition may be
attributed to the good plastic deformation ability and thus good
ductility of Zr69.5Ga7.5Cu12Ni11 alloy. The observation of pop-ins
during loading cannot be attributed to the process of nanocrys-
tallization as noted in reference [43]. The break in the P versus h
curves for such a case should appear while unloading. To settle
this issue experimentally we  have made TEM investigations of the
indented portion of these specimens. Fig. 8(a and b) display the
bright field images of the as-synthesized thinned specimens for
x = 0 and x = 7.5. These were prepared by masking the indented side
and process of thinning was  attempted from the opposite side. The
bright field images do not show any regions of residual contrast
and they resemble analogous to those shown in Fig. 1. We  do have
evidence of layer wise displacement separated by boundary that
is seen as a curvilinear line (marked by arrows). The observation
of such lines must be due to the shear band. Thus our experiment
rules out the possibility of nanocrystallization.

We  now try to explain the change in the mechanical behavior of
metallic glasses and their composites on the basis of free volume
model. We  begin discussion on glasses first. In metallic glass, the
free volume exerts a crucial influence on the mechanical properties
of amorphous materials, such as hardness, strength and plasticity
[44]. In the present case, the increase in the hardness of the metallic
glasses may  be attributed to the variation of free volume with Ga
substitution. Since the atomic radius of Ga (0.141 nm)  is intermedi-

ate between the atomic radius of Zr (0.160 nm)  and Cu (0.128 nm)
and the atomic radius of Al (0.143 nm)  and Ni (0.125 nm), the Ga
substitution may  increase the packing density of the alloy [45] and
thus would lead to the decrease in the free volume. A low free
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olume leads to a high resistance to plastic deformation under
pplied stress [46]. Such an observation pertaining to the increase
n the hardness of metallic glasses with alloying addition has been
eported recently [45]. The primary carriers of plasticity in amor-
hous materials are the shear transformation zones (STZs) [23,47].
he availability of free volume is critical for the STZs to occur. In
he case of glass–nc/nqc composites, the free volume decreases
ue to the precipitation of the nc/nqc phases and this causes
ensification of the metallic glass [48]. This process makes the
peration of STZs difficult which results in an increased resistance
o plastic deformation and therefore enhancement of hardness
f the metallic glass upon structural relaxation and nanocrystal-
ization. This effect is consistent with the results reported earlier
49,50]. Further, increase in the hardness of the glass-nc/nqc com-
osites with increase in the addition of Ga concentration may
e due to the grain refinement of nanocrystals/nanoquasicrystals,
hich produces many interfaces leading to the strengthening
henomenon.

. Conclusions

We have compared the nanoindentation behaviors of
r69.5Al7.5 − xGaxCu12Ni11 (x = 0, 1.5 and 7.5 at.%) glasses with
heir composites. The effect of Ga substitution on the nature of
ndentation and reduced elastic modulus has been reported. It
as been found that the indents observed in case of amorphous
amples exhibit a relatively larger amount of pile-up than those
f annealed samples. The pop-ins was observed only in the case
f as-synthesized melt spun ribbons. The energy per unit volume
equired for the shear band formation in the glass has been
stimated with the help of P–h curve. This seems to decrease
ith addition of Ga. Based on transmission electron micro-

copic studies of the indented glassy specimen, the possibility of
anocrystallization has been ruled out.
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