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Indentation test has recently been used to examine
mechanical properties of bulk metallic glasses (BMGs).
Donovan [1] observed the radial incipient cracks and
the curving Hartmann lines in the deformation zone
for the indentation of a Pd4oNiyP>9 BMG. Jana et al.
[2] revealed several sets of slip-steps from shear bands
for the Vickers indentation of Pd4, {Niszg77P1513 and
Zr56.69Cu26_96A110_95Ni5_4 BMGs. Ramamurty et al. [3]
used the bonded interface technique to examine the
pattern of shear bands underneath the Vickers inden-
tation in a Pd,Niy P BMG. Jana et al. [4] evaluated
the subsurface deformation topology in the Vickers
indentation of a Zrs;Cu,;Al{Nis BMG. Zhang et al.
[S] investigated the evolution of shear bands in a
Vitreloy 106 beneath a Vickers indentation. Yang et al.
[6] observed surface wrinkling in the nanoindentation
of a Zr-based BMG. Wang et al. [7] revealed the
occurrence of serrated flow in the indentation of a Zr-
based BMG. Golovin et al. [8] observed the occur-
rence of the pop-in in the loading phase for the
indentation of a Pd-based BMG and noted that the
dependence of the strain-serration on the indentation
depth. Schuh and Nieh [9, 10] reported the serrated
flow and suggested that the indentation-induced plastic
flow could be a strong function of the indentation rate.
Recently, Greer et al. [11] suggested that the absence
of the serrated flow and the pop-in phenomenon at
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small indentation depth may be due to the lack of the
resolution in instrument. However, there is little work
on the dependence of the indentation deformation on
the indentation position, related to the flow defect
concentration from the solidification process in the
preparation of bulk metallic glasses.

In this work, microindentation tests have been
undertaken to study the nature of the indentation
deformation of a Zrs;TisCuyoNigAlyy BMG. Espe-
cially, this work focuses on demonstrating the variation
of the indentation behavior over the cross-section of
the Zr-based BMG associated with the flow defect
concentration from the solidification process. This
allows us potentially to evaluate the inhomogeneity
in bulk metallic glasses. The plastic energy dissipated
in the indentation is also discussed.

A bulk metallic glass with the composition of
Zrs57TisCuyNigAlyp in atomic percent (at%) was used
in the experiments. The cast rod of 5 mm in diameter
and 60 mm in length was made at a cooling rate of
100 K/s, using a suction-casting method in an arc
furnace via a pseudo-floating-melt state before casting
to obtain a completely melted state [12]. A specimen of
a disk shape with 5 mm in diameter and 1.5 mm in
thickness was cut from the cast rod. The specimen was
ground and polished before the indentation test to
obtain two parallel surfaces of a mirror quality.

Microindentation tests were performed on a Micro-
Combi Tester (CSM Instruments, Needham, MA),
using a Vickers indenter on the circles of different radii
with the same center as the specimen. The radii of the
circles were 0.5, 1, 1.5 and 2.0 mm. The indentation
load was 1,500 mN, and the loading and unloading
rates were 50 mN/s without an intermediate pause. A
pre-load of 5 mN was applied to the indenter before
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applying full indentation load to maintain the contact
between the indenter and the surface of the specimen.

Figure 1 shows the indentation curves over the cross-
section of the specimen at different positions. No
serrated flow is observed from the loading curves under
the test condition, which might be due to the limit of the
resolution in the microindentation instrument. All of
the unloading curves show the similarity at the upper
portion of the unloading phase. The elastic recovery is
independent of the indentation location. A light optical
microscope is used to examine the indentation mor-
phology; and no shear bands and pile-up are observed
around all the indents over the specimen.

At the same indentation load, the maximum inden-
tation depth decreases as the distance to the specimen
center increases, i.e., less plastic deformation was
introduced by the indentation close to the edge of the
specimen. This demonstrates the inhomogeneous nat-
ure in the cast Zr-based BMG, which is likely due to the
difference in the average amount of free volume per
atom produced by the cooling process. At the cooling
rate of 100 K/s, the material close to the outmost surface
solidified first with gradual solidification toward to the
center. A temperature gradient was created during the
solidification process with the material near the outmost
surface experiencing much faster cooling process. The
temperature gradient causes heat transfer to the already
solidified glass and induces structural recovery, result-
ing in the decrease in the average amount of free
volume per atom. This leads to the increase in the
resistance to the penetration of the indenter.

Figure 2 shows the variation of the indentation
hardness of the specimen. The cast Zr-based BMG has
higher hardness away from the center of the specimen.
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Fig. 1 Indentation curves of the Zrs;TisCuyNigAl;g BMG for
the indentations at different positions over the specimen surface

2209

7

£ 65

g L

7 L 4

5 or

s °r

= - %—'

g |

§ L

S 55F

8 M

= L
5-||||||||||||||||||||||||
0 0.5 1 1.5 2 2.5

Radius (mm)

Fig. 2 Dependence of the indentation hardness on the indenta-
tion location

The results suggest that there was a gradient of the flow
defect concentration over the Zr-based BMG rod,
which was created by the non-uniform solidification
process at the cooling rate of 100 K/s. This gradient
created inhomogeneous nature, and introduced the
variation of local mechanical response to external
loading, as shown by the indentation test.

According to Cohen and Turnbull [13], the flow
defect concentration, cs, in a bulk metallic glass can be
expressed as

cf = e *20/(%) (1)

where o is a geometrical factor in the order of unity, Qn
is the critical amount of free volume to form a defect,
and <Qf> is the average amount of free volume per
atom. The parameter of (€Q)/aQq represents the
reduced average free volume per atom. The fluidity of a
BMG is related to the flow defect concentration as [13]

p = vep = ve 2/ () (2)

where u is the fluidity of the BMG and v is a constant
depending on the molecular size and the mobility of
molecules. The structural recovery due to the temper-
ature gradient lowers the average amount of free
volume in the material near the outmost surface with
maxima at the center and minimum near the outmost
surface. The fluidity of the Zr-based BMG decreases
with the increase in the distance away from the center.
Thus the highest indentation hardness is expected for
the indentation near the outmost surface, which is
supported by the experimental results.

To examine the dependence of the indentation
hardness on the indentation load, indentation tests
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were performed along a circle of 1.5 mm in radius over
the specimen surface in the load range of 200-
5,000 mN. Figure 3 shows the effect of the indentation
load on the indentation hardness. The indentation
hardness decreases with the increase in the indentation
load. This might be due to the formation and propa-
gation of shear bands underneath the indentation,
which induces strain softening as observed by Bhow-
mick et al. [14] and Bei et al. [15].

The plastic energy, Eppagic, dissipated during a
loading—unloading cycle can be calculated from the
area of the indentation curve as [16, 17]

5max

Omax
Eplastic = / Fdo — Fdé (3)
0

Or

where Jpax 1S the maximum indentation depth at the
maximum indentation load of F,,, and ¢, is the residual
indentation depth after totally removing the load.
Figure 4 shows the variation of the plastic energy
dissipated in the indentation over the specimen. The
plastic energy dissipated in the indentation decreases as
the distance to the specimen center increases. This is
due to the decrease of the flow defect concentration
with the distance, which imposes higher resistance to
the penetration of the indenter. At the same indenta-
tion load, shallow indentation was produced and less
energy was dissipated.

Using the indentation technique, the variation of the
indentation deformation in the Zrs;TisCuygNigAlj,
BMG was studied over the specimen surface. The
indentation tests were performed over a series of
circles with the center of the circles the same as that of
the specimen. It was found that the indentation
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Fig. 3 Dependence of the indentation hardness on the indenta-
tion load
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Fig. 4 Dependence of the plastic energy on the indentation
position

hardness increases with the increase in the distance
to the specimen center. This demonstrated the inho-
mogeneous nature in the cast Zr-BMG rod, and there
was a gradient in the flow defect concentration
associated with the rapid solidification process. The
plastic energy dissipated in the indentation decreased
with the increase in the distance to the center likely
due to lower flow defect concentration. The results
show the potential to evaluate the inhomogeneity in
bulk metallic glasses using the indentation technique.
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