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Abstract. Plastic deformation after indentation of the metallic glass Cus7Ti35Zr;1NieS1; at different
loading conditions was examined. Discontinuities on the loading curves were observed, the
magnitude of which depends on the loading rate. The presence of these discontinuities is influenced
by the precise shape of the indentation tip. At lower loading rates and using a cube corner indenter
tip the discontinuities on the loading curves are more pronounced. An increase of the loading rate
tends to diminish instantaneous plastic deformation as appear by pop-ins. Using a Berkovich type
indenter tip the plastic deformation is more steady. It is concluded that the final morphology of the
pile-up area strongly depends on the geometry of the indenter tip, whereas no correlation between
discontinuities in the loading part of the indentation curve and the formation of shear band patterns
was observed.

Introduction

Metallic glasses are amorphous alloys without a long-range order in atomic structure,
dislocations or other precise crystalline defects. They exhibit several unique properties such as an
extremely high strength in compression. At ambient temperature the plastic deformation of metallic
glasses is highly localized into shear bands, near the planes of maximum shear stress and appears to
be correlated to a local change in the viscosity [1-3].

Nanoindentation is a versatile technique for measuring the mechanical properties of a small
volume of material and it may aid to unravel the mechanisms of the deformation of metallic glasses
[4, 5]. Serrated flow was observed on the load-displacement (P-4) curves during load rate-
controlled nanoindentation and correlated with the discrete shear banding events [3]. Systematic
research by Schuh and Nieh [3-6] indicated that the discontinuities (pop-ins) on P-h curves are
associated with shear band nucleation, its propagation and that they are strongly depending on the
chemical composition of the alloy and the indentation loading rate. The pop-ins are observed
mainly at lower loading rates and gradually disappear with increasing loading rate. Nevertheless,
this can be caused also by the indenter geometry [7]. Using two indenter tips with different angles
(a commonly used Berkovich and sharper cube corner indenter tip) it was found that pop-in events
depend significantly on the indenter angle [8]. As a consequence the use of different indenter tips
can be helpful in investigating the deformation process in metallic glasses.

A detailed and accurate record of the applied load and the tip displacement during
nanoindentation experiments allows to examine the characteristics of the process. For example the
work-of-indentation can be calculated from a complete P-4 curve. The area under the loading curve
gives the total work done by the loading device during indentation. From the area under the
unloading curve the reversible elastic contribution to the total work can be derived and the energy
absorbed by solely the plastic deformation is the difference between the total work and elastic
contribution of the total work [9, 10]. In our work we focus on inhomogeneous plastic deformation
process during nanoindentation of CuTiZrNiSi amorphous alloy with two different tip shapes of the
indenter.
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Experimental

The samples of the amorphous metallic ribbon with a nominal composition of Cuy;Ti3sZr;;NigSi;
(at. %) were used for the nanoindentation test. The ribbon with the cross-sections of 1.72 % 0.02
mm’ was prepared by rapid melt quenching on a spinning metallic disc.

Before nanoindentation tests the specimens were mechanically polished to mirror finish and
tested using the nanoindentation equipment of MTS Nanolndenter” XP with a Berkovich and a
cube corner diamond tips. The fused silica was used for the tip calibration procedure. The
nanoindentation measurements were performed at room temperature in the load rate-control mode
up to the maximal load of 250 mN using the loading rates 0.1 and 10 mN.s™. For each measurement
up to twenty-five indents were made. After nanoindentation, the morphology of the indents and the
shear bands were observed by XL.30S SEM-FEG scanning electron microscope.

Results and Discussion

Indentation curves of the alloy during indentation with Berkovich indenter tip and for loading
rates 0.1 mN.s™ and 10 mN.s™" are shown in Fig. 1 (left). The details of the loading final part of the
indentation curves are depicted in Fig. 1 (right). It is visible that the indentation curves for the
examined alloy change with loading rate only in the details. The very small pop-ins on the final part
of loading curve visible at low loading rate disappeared at higher loading rate.

For indentation with a cube corner indenter tip, the indentation curves are shown in Fig. 2 (left)
and details of the final parts of the loading segment can be seen in Fig. 2 (right). The pop-ins are
more developed at lower loading rate in comparison with higher loading rate. It is evident that at

nanoindentation using the cube corner indenter tip, the pop-ins are more pronounced than using
Berkovich indenter tip.
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Fig. 1 P-h curves during indentation with Berkovich indenter for loading rates of

0.1 and 10 mN.s™" (left) and a detail of the loading part of the indentation curves
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Fig. 2 P-h curves during indentation with cube corner indenter for used loading rates
(left) and a detail of the loading final part of the indentation curves (right)

The localized plastic flow of the deformation in the pile-up area around the indent with both
types of indenters was scrutinized using scanning electron microscopy. Fig. 3 (upper row) shows
the plastic flow around Berkovich indents on the surface for the loading rates of 0.1 mN.s" and
10 mN.s™. The plastic flow around cube corner indents at the same loading rates is shown in Fig. 3
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(lower row). Around all indents the deformed region with shear bands is present, but it is clear that
the shear band pattern on the deformed indent region depends on the precise shape of the indenter
tip. The pile-up areas are more pronounced at cube corner indentation. At nanoindentation with a
Berkovich indenter tip, the shear bands create concentric circles around the indent axis whereas at
indentation with a cube corner tip the deformed region consists of parallel polygonal edged plates.
Although the loading rate influences the presence of the pop-in events on the loading part of the P-4
curve for both indenter tips, the morphology of indent area is independent on loading rates applied.

The energies involved during nanoindentation were determined through the integral of the
loading and unloading part of the indentation curves. The energy of plastic deformation at
nanoindentation with the Berkovich indenter tip was determined as 0.103 + 0.032 pJ and with cube
corner indenter as 0.262 + 0.031 uJ. Due to the difference in the shape of the tip, the specific energy
related to the creation of the volume unit (1 pm®) of the indent depression was calculated using P-/
data respecting the indent tip geometry. The calculated values of indent volume at the Berkovich
and cube corner tip indent were 19.7 and 36.0 pm’, respectively. As a result for the creation of
1 um® indent region an internal energy of 5.2 mJ/m’ for the Berkovich tip is added to the system
and 7.3 mJ/m’ in case of using the cube corner tip.

I Berkovich

Fig. 3 Shear band morphology under identical loading Fig. 4 Geometric conditions for
conditions with Berkovich indenter tip (upper row) and cube shearing at different indenter tips

corner indenter tip (lower row) for the loading rate of

0.1 mN.s™ (left column) and 10 mN.s™ (right column)

We propose that the specific work of plastic deformation is related to the pile-up area. Higher
energy is stored in larger volume of the pile-up. The shear band pattern for cube corner indent is
larger and less complex in comparison with the Berkovich indentation. In the pile-up area of the
cube corner indent the parallel plates are created due to the small number of the shear bands.
Therefore the plate morphology with sharp edges is present. In the case of the pile-up area around
the Berkovich indent, the shear bands pattern is more complex. The plastic deformation is carried
out via shearing in many active and intersecting shear bands.

The geometrical conditions for the indenter tip shapes applied are sketched in Fig. 4. The plastic
deformation in metallic glasses occurs via the creation of the narrow shear bands in the plane of
maximal shear stress. Using sharper cube corner tip the plane of maximal shear stresses intersect the
free surface. This can be the reason for shearing in only a low number of selected shear bands.
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Conclusion

The morphology of the indented regions reflects the plastic deformation mechanisms in metallic
glasses at the macroscopic level. The shear band pattern on the indented region depends on the
shape of the indenter tip. Using a Berkovich indenter the shear bands create concentric circles
around the indent axis. Using a cube corner indenter tip the deformed area consists of parallel
polygonal edged plates. No influence of the loading rate on the morphology of the indents was
observed. At a higher loading rate the pop-in events are inhibited. More complex shearing is
observed when using a Berkovich indenter. It consumes a lower energy per unit of volume.
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