Micro and nano indentation studies on ZrgCu;9Al;5Ni;5s bulk metallic glass
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Abstract

Partially vitrified ZreoCujpAl;sNijs bulk metallic glass has been synthesized using water
cooled copper mold drop casting technique. Kinetically favorable microstructures having
different morphologies are observed throughout the volume of the bulk metallic glass sample.
X-ray diffraction studies indicate formation of hard intermetallic compounds such as Zr;Al,
and ZrNi in certain regions along with amorphous structures. Microindentation studies
carried out in different regions of the sample reveal microstructure dependent deformation
behavior. Highest hardness is observed in the fully crystallized regions compared to pure
glassy regions in the same sample. Further nanoindenation in the same sample is used to
understand dynamic mechanical properties of microstructures in different regions. The pile-
up morphologies around the indent and differences in load-displacement curves provide vital

information on deformation behavior of sample in different microstructure sensitive regions.
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1. Introduction

If high hardness and strength, excellent corrosion and wear resistance along with good
castability and printability makes bulk metallic glasses (BMGs) superior than crystalline
materials, their limited room temperature ductility acts as a barrier for structural applications
[1]. This drawback leads to catastrophic failure arising due to highly localized shear band
formation which is primary deformation mechanism in BMGs [2—4]. However, significant
improvement in plasticity of BMGs has been reported by preparing BMG matrix composites
(BMGMCs) [5-7]. The introduction of crystalline phases in BMG matrix promotes multiple
shear band formation due to the existence of second phase, thus restricting shear localization

and propagation of critical shear bands leading to pronounced plasticity in BMGMCs [5-7].

In recent years, micro and nano indentation techniques have emerged as significant tools to
determine mechanical properties of BMGs. Quite a few reports are devoted to investigate
underlying deformation mechanism of BMGs using indentation techniques [8—10]. Schuh and
Nieh [11] have examined the mechanical properties of metallic glasses at the length scale of
shear bands through nanoindentation. The study revealed serrated flow behavior of metallic
glasses and the effect of indentation loading rates was addressed. Further, microstructural
investigation of shear bands around the indented regions in BMGs was carried out to
understand the nature of shear banding [12, 13]. Ramamurty and coworkers [14—16] have
reported detailed analysis on plastic deformation through shear banding in various BMGs.
However limited work has been carried out on indentation studies of BMGMCs [17, 18].
Further deformation studies on the same multicomponent system having different
microstructural features are not reported to the best of author’s knowledge and thus this

provides motivation for the present work.



BMGMCs can be formed either by ‘ex-situ’ methods through addition of secondary phase
particles or by ‘in-situ’ methods by controlling processing conditions [5—7]. Interestingly,
lower cooling rate during solidification of liquid alloy melt also results in emergence of
crystalline phases in a glassy matrix [19]. Insufficient cooling rate fails to suppress the
nucleation and growth of crystalline phases during vitrification of alloy melt. On similar
lines, in the present work ZrgoCujpAl;sNijs BMG was prepared by drop casting method
without any aid of suction, which has resulted in the coexistence of crystalline phases along
with glassy phase. Three microstructurally distinct regions have been identified in the sample.
Micro and nano indentations have been carried out in these regions of the sample to examine
microstructure dependent deformation behavior. Further, indentation morphology analysis

aims to provide significant information on deformation mechanism of the sample.

2. Experimental Details

Bulk metallic glass forming composition ZrgCu;oAl;sNijs (at.%) was prepared by arc melting
of pure elements (99.9% Zr and 99.99% Cu, Al and Ni) in a purified argon atmosphere. In
order to achieve compositional homogeneity, the ingots were remelted several times. The
alloy was then subjected to drop casting into water cooled copper mold without any aid of
vacuum suction to obtain 6 mm diameter and 20 mm long BMG composite rod. The structure
of rod at different regions was studied using X-ray diffraction (XRD) with Co-Ka radiation.
The 6mm diameter cylindrical sample was vertically cut into two halves with one halve cold
mounted in epoxy for microstructural examination. The mounted sample was polished using

colloidal silica and etched with 45ml HNOs, 10ml HF and 45ml H,O.

Microhardness tests were conducted on the mounted, polished and etched sample using

Mitutoyo Vickers microhardness testing machine. The tests were performed according to



ASTM: E-384 standards. The test were carried out at four different loads of 100, 200, 300
and 500g and average value of 8 indentations at each load with data scatter of £ 1% is
reported. The indentation morphology after microhardness test was observed using JEOL

JSM-6380A scanning electron microscope (SEM).

Nanoindentation experiments were conducted using TI 950 Tribolndenter with a Berkovich
triangular diamond indenter. The indentations were performed in the load-control mode with
a maximum load of 80 mN at a constant loading/unloading rate of 0.8mN/s. Ten indentations
were performed to verify the accuracy and scatter of the indentation data. The impression of
indent after complete unloading was examined using in-situ scanning probe microscopy

(SPM) equipped with TriboIndenter.

3. Results and Discussion

3.1 XRD and Microindentation Studies

Zr6oCujpAl;sNijs BMG prepared using drop casting has been characterized by XRD at
different regions of the sample (Fig. 1). One end of the sample having the highest cooling rate
has resulted in glassy phase and crystalline phases were observed at the other end owing to its
lower cooling rate. In the intermediate region of the sample, a mixture of crystalline and
glassy phases was observed. Thus, three distinct microstructurally different regions have been
identified in the sample namely, region (A) representing complete amorphous phase, region
(B) representing partially crystalline phase and region (C) representing complete crystalline
phase. More detailed discussion on evolution of phases has been addressed elsewhere (yet to
be published). A region transforming from amorphous to partially crystalline and finally to
complete crystalline is identified in the sample (Fig. 1). Microindentation at 500 g load has

been carried out at these regions.
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Fig. 1 shows indentation morphology observed in SEM and corresponding XRD data at the 3
regions i.e., A, B and C. XRD of region (A) demonstrates broad diffraction hump and
absence of any sharp crystalline peaks confirming its amorphous structure. Region (A)
exhibits a hardness of 4.75+0.05 GPa at 500 g load as shown in Fig. 1. The indentation
morphology at this region clearly reveals formation of large number of shear bands (shown
by white arrow in Fig. 1). It is well known that glassy phase when subjected to indentation
exhibits deformation with the aid of shear band formation which can be explained based on
free volume concepts [13]. Due to large free volume in the glassy region, atoms move freely
upon indentation and accumulate at certain regions, thus resulting in formation of shear
bands. It is interesting to note that shear bands can be seen only at two adjacent sides of the
indent (indicated by white arrow in Fig. 1). Shear bands were absent on the other two
adjacent sides, towards partially crystalline region. This can be attributed to the presence of
glass/crystal interface at the adjacent side which results in annihilation of free volume owing
to dense packing of atoms. This further strengthens the free volume concept that as cluster of
atoms move away from amorphous phase towards crystalline region, free volume reduces and
thus atomic movement is restricted. Also, change in mode of plastic deformation is evident

due to presence of crystalline phases.

XRD of partially crystalline phase at region (B) of the sample shows evolution of crystalline
peaks. The crystalline peaks correspond to hard intermetallic Zr;Al, (tetragonal) and Zr,Ni
(cubic) phases. Earlier, the formation of Zr,Cu and Zr;Al, intermetallic phases has been
reported in Zr-Cu-Al-Ni BMG [20, 21]. In the present work, the evolution of Zr,Ni phase has
been reported instead of Zr,Cu. This can be attributed to higher Ni content than Cu in the

present composition ZrgCujpAl;sNijs in comparison to those reported in the literature



(Zr55CuzpAlgNis, ZresCuy7AlgNig) [20, 21]. The evolution of Zr;Al, and Zr,Ni intermetallic
phases from Zr-Cu-Al-Ni alloy can also be explained on the basis of chemical interaction
among different elements. Binary enthalpy of mixing values [22] (AHz: in ni = —236,AHz; in a1
=—189, AHz; incu = — 110, AHajinni = — 96, AHapin cu = — 34, AHcy in ni = +14) calculated
from Gallego’s approach [23] indicates that Zr;Al, and Zr,Ni phases, having the highest
negative enthalpy of mixing of —41.76 and —41.66 kJ/mol, respectively, are the most stable

phases to form in Zr-Cu-Al-Ni system.

Broad amorphous hump can be observed below the crystalline peaks at region (B) in the Fig.
1 indicating that cooling rate in this region is such that crystallization of the liquid is not
complete and some residual liquid has undergone vitrification. Microhardness at 500 g load
indicates a hardness value of 5.30+0.05 GPa at this region. Hardness at region (B) is found to
be higher than that of amorphous region (A) owing to the presence of hard intermetallic
phases. SEM analysis of indentation morphology at region (B) (Fig. 1) does not show any
shear bands. This can be attributed to decrease in free volume due to structural relaxation of
the glass by formation of closely packed atomic configuration. The amorphous hump
indicated by XRD is due to residual glassy phase. The presence of crystalline phases i.e.
Zr3Al, and Zr;Ni act as obstacles restricting atomic mobility thereby increasing resistance to
plastic deformation by arresting shear band propagation. This could be the possible reason for

increase in hardness and absence of shear bands in this region.

XRD pattern of region (C) in Fig. 1 shows complete crystallization. Crystalline phases Zr;Al,
and Zr,Ni are more prominent in this region in comparison with region (B). Microhardness of
region (C) indicates the highest hardness in comparison with region (A) and (B). Hardness

value of 5.70+£0.05 GPa is observed (shown in Fig. 1) at a load of 500 g. The highest hardness



in this region can be attributed to the complete crystallization of the liquid to hard
intermetallic Zr3Al, and Zr,Ni crystalline phases. SEM analysis of indentation morphology at
region (C) (Fig. 1) does not reveal shear bands. Complete crystallization leads to strong
interatomic bonds due to formation of intermetallic phases and thus resistance to atomic

mobility further increases. As a result, highest hardness is reported in this region.

The microhardness of the sample at 3 different regions using 100, 200, 300 and 500 g loads
are shown in Fig. 2. The highest hardness is observed in fully crystalline region followed by
partially crystalline region. Amorphous region is reported to show the lowest hardness.
Interestingly, earlier investigations have revealed the highest hardness in super cooled liquid
state in comparison with crystallized state [24, 25]. It has been pointed out that due to
structural relaxation in this state, annihilation of free volume takes place leading to restricted
shear band movement and thus increase in hardness. A few studies indicating the highest
hardness in the partially crystallized state have also been reported [13, 26]. This has been
attributed to presence of nanocrystals which suppress shear band multiplication and therefore
increase in hardness. However, complete crystallization of glassy matrix in the earlier studies
has resulted in decrease in hardness, reasons pointed out being the weak intercrystalline

interfaces and increase in defects [13].

In the present investigation, the highest hardness in the complete crystallization region is
attributed to formation of stable intermetallic phases. As discussed above, Zr3;Al, and Zr,Ni
are both thermodynamically stable phases which results in strong intercrystalline interface.
Zr3Al, with tetragonal primitive (tP) structure has the lattice parameters of a = 7.630 nm and ¢
= 6.998 nm [27]. Zr,Ni with cubic face centered (cF) structure has a lattice parameter of a =

12.27 nm [28]. The significant differences between two phase lattice results in incoherent



interface due to large lattice misfit. Such sufficiently large atomic misfit at the interface
results in dislocation pile ups leading to increase in strain which further strengthens the
crystalline interface. Thus it results in additional strengthening against moving dislocations
and further increase in hardness [29]. Wang et al. [20] have also reported increase in hardness
with the formation of Zr;Al, and Zr,Cu phases in Zr-Cu-Al-Ni system which further
strengthens the present argument. It is important to note that hardness can also be

composition specific in BMGs.

3.2 Nanoindentation Studies
Load (P) — displacement (h) curve obtained by nanoindentation on each of the 3 different
regions i.e. amorphous, partially crystalline and crystalline regions are presented in Fig. 3 (a).
The hardness (H) and elastic modulus (E) obtained from curve using Oliver-Pharr method
[30] are shown in Table 1. They show the following trend.

Ho>Hp> He (1)

E>E,>E, (2)
where ‘c’, ‘p-¢’ and ‘a’ represents crystalline, partially crystalline and amorphous region,
respectively. Hard intermetallic crystalline phases i.e. Zr3Al, and Zr,Ni exhibit the highest
hardness and elastic modulus of 8.33 and 131.3 GPa, respectively. H/E ratio [9] which
indicates elastic recovery of material is > 0.05 (Table 1) for all 3 regions. However,
crystalline region demonstrates the highest H/E ratio suggesting a high degree of elastic
recovery in comparison with amorphous and partially crystalline regions. Since the hardness
and elastic modulus increase proportionally in the amorphous and partially crystalline
regions, they indicate similar H/E ratios. The present results are in agreement with the

previous ones [31] which suggest H/E ratios for BMGs to be in range of 0.05~0.06.



It is evident that hardness values obtained by the nanoindentation are higher in comparison
with the microindentation results. This phenomenon is often referred as indentation size
effect (ISE) [32, 33]. A model based on dislocations has been proposed to explain ISE [34].
During small indentations (lower loads), shear field created by the indenter results in
distorted crystal lattice. Thus, geometrically necessary dislocations have to be created in
order to form the residual indentation imprints. In case of large indentations, the strain
variations between two extremes are more gradual. As a result, shear stress can easily be
accommodated in statistically stored dislocations without the need of geometrically necessary
dislocations. Hence nanoindentation exhibits higher hardness than microindentation. This
explanation holds good for crystalline materials. BMGs lack defects such as dislocations, yet
they exhibit ISE. Jang et al. have proposed a model to explain ISE in BMGs [35]. BMGs are
reported to exhibit strain softening during plastic deformation rather than strain hardening
due to shear localization. As a result, local rearrangement of atoms takes place to
accommodate shear strain leading to shear transformation zones (STZs) [36]. During small
indentations, the shear field is too small to have sufficient population of STZs and thus shear
bands are forced to operate at particular locations leading to increase in hardness. In case of
higher loads, large volume of deformation leads to higher activities of STZs and shear bands

and thus results in decrease in hardness.

The reports on ISE so far are on either separate crystalline materials or amorphous materials.
This study presents unique case in which ISE is observed in both glassy region as well as
crystalline region in single multicomponent system. This further clarifies that ISE is a global
phenomenon and not restricted to crystalline materials. The ISE phenomenon is also observed
in microindentation result (Fig. 2) in which there is decrease in hardness with increase in

load. Apart from this, variation in hardness with respect to change in microstructure is also



observed. The above discussion based on creation of geometrically necessary dislocations
and lack of STZ populations for smaller load can be reason for ISE during microindentation.
Also, the formation of thermodynamically stable intermetallic phases and annihilation of free
volume could be possible reasons for variation in hardness with respect to microstructural
features. Both, micro and nanoindentations follow same trend which demonstrate highest
hardness in completely crystallized region followed by partially crystallized region and

amorphous region.

The magnified P-h curves in Fig. 3(b) demonstrate highly serrated flow in the amorphous
region (indicated by arrow). Few serrations were also observed in P-h curve of partially
crystalline and fully crystalline region. Schuh and Nieh [11] has carried out extensive
analysis on plastic flow behavior of BMGs and reported that serrations in glassy alloys
mainly depend on loading rate employed. It has been suggested that smaller loading rates
(0.04 mN/s) promote more prominent serrations in contrast to higher loading rates (5 mN/s)
which suppress serrated flow. In the present investigation, intermediate loading rate (0.8
mN/s) also exhibits high rate of serrated flow as shown by arrows in Fig. 3(b). The distance

between each serrations is around 8 — 10 nm wide in the amorphous region.

The serrations in the P-h curve are termed as ‘pop-in’ event. It has been suggested that these
discrete ‘pop-in’ events corresponds to nucleation and propagation of individual shear bands
[11, 37]. This further suggests that large numbers of shear bands are activated during
indentation in the amorphous region. The morphology of surface after nanoindentation for
amorphous, partially crystalline and crystalline regions is presented in Fig. 4 (a) — (c¢). Quite a
few prominent shear bands can be seen in Fig. 4(a) which is evident as large number of ‘pop-

in’ events in P-h curve of amorphous region. Although a few serrations are observed in P-h
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curve of partially and fully crystalline regions (Fig. 3(b)), the indentation morphology does
not reveal any shear band formation in partially crystalline (Fig. 4 (b)) and crystalline regions
(Fig. 4 (c)). This can be attributed to the fact that all the ‘pop-in’ events cannot be accounted
for shear bands since pop-ins can lead to nucleation and propagation of shear bands inside of
the material as well. The serrations observed in partially and fully crystalline regions could be
due to following reasons. During indentation, there could be local rise in temperature in
regions in close proximity at indent-material interface. This rise in temperature may suffice
the energy required to localized melting. This being dynamical change which is followed by
continuous loading of indenter that may cover up local atomic environments and result into
pop-in events giving serrations patterns in P-h curve for amorphous phase. Such hypothesis
requires further investigation to understand mechanism on change in local environments upon

dynamic loading on structurally sensitive muticomponent amorphous materials.

4. Conclusions

Systematic study of micro and nano indentations on different regions of ZrgCujoAl;sNijs
BMG has been carried out. Fully crystalline region exhibits the highest hardness in
comparison with partially crystalline and glassy regions and the possible reasons are (i) the
formation of thermodynamically stable intermetallic phases i.e. Zr3Al, and Zr,Ni resulting in
strong intercrystalline interface (i) due to large lattice misfit between two different phases
provides additional hardening against moving dislocations. Further, this study presents a
unique case in which ISE is observed in glassy as well as crystalline regions in single
multicomponent systems. Indentation morphology analysis further strengthens the micro and
nanoindentation results in which clear shear band propagation is observed in amorphous

region owing to presence of free volume.
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Figure captions

Figure 1:

Figure 2:

Figure 3:

Figure 4:

XRD and SEM indentation morphologies (load 500g) of ZrgyCuj0Al;5Ni;s BMG at
different regions namely (A) amorphous region (B) partially crystalline region and
(c) crystalline region. XRD pattern reveals evolution of Zr;Al, and Zr,Ni
crystalline phases while SEM at amorphous region shows distinct shear bands
formation.

Variation of hardness versus load at different regions of ZrgCu;0Al;5Ni;s BMG.

(a) Load versus displacement at different regions of ZrggCu;0Al;sNijs BMG and (b)
magnified figure showing small ‘pop-in’ events in amorphous region of sample.
Nanoindentation morphology observed by in-situ SPM at (a) amorphous (b)
partially crystalline and (c) crystalline regions. Distinct shear band can clearly be

observed in the amorphous region of the sample
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Table

Vincent et al.

Table 1

Table 1: Hardness (H), Elastic Modulus (E) and H/E ratios of ZrggCu;pAl15sNi;s BMG at

amorphous, partially crystalline and crystalline regions.

Region Hardness, H (GPa) Elastic Modulus, E H/E ratio
(GPa)
Amorphous 5.95 111.2 0.053
Partially Crystalline 6.80 124.6 0.054
Crystalline 8.33 131.3 0.063
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Figure

Vincent et al.

Figure 1

(A): Amorphous Region (B): Partial Crystalline Region (C): Crystalline Region
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Figure 2
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Figure 4
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