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Abstract: High entropy bulk metallic glass (HE-BMG) Cux9Zr3,;Ti1sAlsNij9 was investigated by a nanoindentation method in

load-controlled, continuous stiffness measurement (CSM) and cyclic loading modes. The results show that pop-in event occurs

in this alloy during nanoindentation. The applied load has a greater influence on the pop-in events than the loading rate. When

the applied load is larger than 40 mN, obvious pop-in events can be observed in the loading curves even at high loading rates

up to 5 mN/s. Indentation size effect exists in this alloy, as confirmed by a decrease in hardness with increasing the indentation

load and a Meyer’s index » less than 2. The fraction of energy dissipated during indentation (£4) changes within the range of

54%~60%. Cyclic loading tests reveal an obvious hardening effect.
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In the past decade, high entropy alloys (HEAs) and bulk
metallic glasses (BMGs) have been investigated separately,
although both they were viewed as complex metallic alloys
In a conventional view, a HEA involves at least 5
components in equiatomic or near equiatomic ratio . A
recently developed definition of HEAs has simplified the
component feature to 4! and extended the composition to
non-equiatomic ratio at a range of 5 at%~35 at%.
Thermodynamically, multiple components and high mixing
entropy usually favor the stability of melt of the alloys and
thus benefit the formation of non-crystalline phase during the
solidification, especially rapid solidification. Very recently,
a series of BMGs with equimolar or near equimolar ratios,
named as high-entropy bulk metallic glasses (HE-BMGs),
have been successfully fabricated by rapid solidification
method and show outstanding properties, such as high room
temperature plasticity and very high strength %!, This kind
of new alloys provides an opportunity to study the similarity
and difference between HEAs and BMGs.

Regarding the properties of HE-BMGs, Zhao et al'"'?!
demonstrated that the Poisson’s ratio of TiyyZr,gHfyoBeso-
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(i

(Cu/Ni),o HE-BMG is above the critical value of 0.31~0.32,
reaching 0.348, suggesting that this HE-BMG is
intrinsically plastic. This finding agrees with the proposed
ductile-brittle transition value of the Poisson’s ratio in
BMGs.
commonplace tool for the evaluation of mechanical
properties at small scales and has the potential to provide

the necessary answers to the fundamental deformation
[13-17]

traditional Nanoindentation has become a

mechanism in amorphous materials, such as BMGs
Hardness, by nanoindentation, is an important parameter for
assessing the mechanical properties and deformation/failure
mechanism. Generally, hardness (H) of a material should
not depend strongly on the depth of indentation if the
material is intrinsically hard. Interestingly, the indentation
size effect (ISE), which is manifested as an increase in
hardness with decreasing the indentation peak load (Pp.x),

U719 1In crystalline

sometimes exists during the indentation
materials, the ISE is believed to be resulted from the
generation and slipping of dislocations and the strain
hardening””*"!. Usually, ISE is not expected to occur in

BMGs because of the absence of dislocations ', However,
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ISE of BMGs has actually been observed and investigated
0719221 Underlying ISE, there may be a conjectural
mechanism for understanding the deformation/failure of
(HE)-BMGs.

It is now well accepted that the formation of shear bands
in BMGs is governed by so-called shear transformation
zones (STZs) which act as nuclei for the shear bands and
are responsible for collective shear deformations under the
compressive stress™>**. In STZs, local diffusion-controlled
rearrangements of the atomic positions and the free volume
can lead to softening of the material and shear localization
(3] Pop-ins, the sudden displacement burst, can be
observed in the loading part of the load-displacement
curves of nanoindentation in the BMGs *>?"!. Pop-ins can
reveal the incipient plasticity of materials *®. On the other
hand, pop-ins has been strongly correlated with the
formation of the shear bands and thus may be closely
associated with the plastic deformation and the ISE of
BMGs and HE-BMGs.

In this paper, HE-BMG CuyyZr3,Ti;sAlsNiy was
fabricated by suction casting in a water-cooled copper mold,
and then was used to investigate the influence of
indentation size and loading rate on mechanical behavior.

1 Experiment

A CuyZr3,TijsAlsNiy (at%) alloy ingot was prepared by
arc-melting high purity constituent elements (purity higher
than 99.9 wt%) in a high-purity argon atmosphere and then
cast into rods. The preparation of rod shape amorphous
CuyyZr3,TisAlsNijg was described in our previous work (291
The rod shape sample (1 mm in diameter) was cut into small
rods with a low speed diamond saw (SYJ 160, China). The
ratio of height to radius of the rod samples was 2:1. All
samples were mechanically polished to mirror finish before
nanoindentation experiments were conducted at room
temperature using Agilent G200 nanomechanical tester fitted
with a Berkovitch diamond tip (TB21090). Load-controlled
mode was used to investigate the effects of peak load (Ppay)
and loading rate on the nanoindentation response of the
HE-BMG. The peak load changes from 10 mN to 200 mN at
the loading rate of 1, 2, 3, 4 and 5 mN/s. A load holding
period of 10 s was introduced at the peak load before
unloading. When unloaded, 5% of the maximum load was
maintained as a residual force, which is required to retain the
contact with the indentation when examining the viscoelastic
recovery of the indentation depth after unloading ***". In the
continuous stiffness measurement (CSM) mode, which was
used to find the change in hardness and modulus with the
penetration depth, the maximum depth limit of indentation
was controlled to 1000 nm. Similarly, a 10 s holding was
introduced at the peak load before unloading.

Cyclic loading mode, i.e. multiple loading and unloading, was
used to investigate the reversibility of deformation and the strain

hardening effect ®'*%. In this mode, the maximum load in the
reloading segment is larger than the load in previous holding
segment. 10% of the load in the previous holding segment was
kept in each unloading segment to ensure the contact between
the sample and the indenter tip. And the maximum applied loads
of the last step were 60 and 100 mN. The loading rate was 5
mN/s. In each indentation mode, the unloading rate was kept the
same as the loading rate. The thermal drift was controlled to be
+0.05 nm/s. The initial machine calibration was carried out on a
fused silica standard specimen. At least 5 indentations were
performed in each condition. The 3-dimentional topographies of
typical residual indents were scanned by interactive indent scan
program provided by Agilent G200 system.

2 Results and Discussion

2.1 Pop-ins

Fig.1 shows the typical load-displacement (P-k) curves
(offset for clarity) of HE-BMG CuyZr;,TijsAlsNije at
different loading from 10 mN to 200 mN. Clearly, at each
loading rate and each applied load condition, the loading
curves show great repeatability at the initial stage of
loading. When the applied load exceeds 40 mN, pop-in
events can be observed in the loading curves even at a high
loading rate of up to 5 mN/s. With increasing the load, the
more frequent the pop-ins occurs, the wider the burst
displacement. On the other hand, when the load under 20
mN was applied, pop-ins can only be observed at the
loading rates slower than 2 mN/s. For more clarity, the
loading segments of the HE-BMG loaded to 10 mN and 200
mN at different loading rates are shown in Fig.2. It reveals
that the pop-in behaviors are strongly affected by the
loading rate. Alternatively, the load corresponding to the
first pop-in shifts to higher value with increasing the
loading rate. It has been extensively demonstrated that the
pop-in behavior is the response to the multiplication and
propagation of shear bands. The stress referring to the first
pop-in indicates the minimum critical stress of the behavior
of shear bands. For the loading rate effect, the small loading
rates favor the fully performing of shear bands. On the
other hand, the large loading rates easily increase the
required stress of shear band behaviors due to the highly
localized deformation under the indenter. It is also worth
noticing that the burst displacement of first pop-in referring
to the higher loading rates is larger than that referring to the
smaller loading rates. Obviously, after a rapid loading,
much energy is concentrated in a localized region under the
indenter, and the unconstrained displacement of shear bands
is also enlarged. In the previous work, massive
investigations have indicated that the relatively higher
strain rates generally deteriorate the plastic deformation of
BMGs but usually enhance the failure stress. Unmistakably,
the behaviors of shear bands of BMGs are similar under the
compression.
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Fig.1 Typical load-displacement (P-/) curves of HE-BMG Cuy9Zr3,Ti;sAlsNijg at different loading rates: (a) 1 mN/s, (b) 2 mN/s, (¢) 3 mN/s,

Fig.2
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Fig.3 illustrates the typical residual indent morphology after
indented at 5 mN/s. It clearly shows that there are no obvious
cracks near the tip of the indentation. However, pile-ups at the
edge of impressions can be clearly seen from Fig.3. Therefore,
it is reasonable to suggest that the existence of pop-ins in this
work is attributed to the formation and propagation of shear
bands in the alloys rather than the cracks. Multiple pop-ins in
the loading curves may be resulted from the interaction of
shear bands near the tip of the indenter.

Frictions between the indenter and the surrounding
materials may also slow the atomic migration beneath the
indenter, which in turn leads to a decrease in the amount of
B33 The slight variation in the locations of the
pop-ins can be caused by the small perturbation of indentation

pop-ins

conditions, such as a thermal drift, which is more influential to
an indentation at a slower loading rate, and surface roughness
can alter the local stress distribution in the neighborhood of the
indentation zone ®*. When applied a larger load, more shear
bands are triggered and propagated, resulting in more plastic
deformation. And thus, more pop-ins can be observed.

2.2 Hardness, modulus and indentation size effect

According to Oliver and Pharr’s theory, the hardness (H)
in the nanoindentation can be calculated from the following
equation ',

H=P/A €Y
where, P is the applied load and 4 is the contact area during
indentation. For a Berkovich indenter, the projected area (A)
can be fitted by:
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Fig.3 Typical residual indent morphologies of Cu,9Zr3,TijsAlsNijo at a loading rate of 5 mN/s
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where, /. is the depth of the residual impressions. For sink-ins
occurred samples, the relationship between A, and /i, is
schematically shown in Fig.4. A, is the intercept of the tangent
to the initial unloading curve, A, is the maximum penetration
beneath the specimen surface, and P, is the maximum load
applied to the indenter. The area function calibration of the
indenter tip was measured prior to the indentation.
The reduced modulus can be calculated as follows.

1 Jr dP
_Nmdar 3)
E, 2J4 dh
1 _0d=v) (-v) (4)
E E E.

where E, is the reduced modulus, V is the Poisson’s ratio
for the specimen, and E; and v; are the parameters of the
indenter.

If the indentation size effect (ISE) exists in HE-BMG
CuyyZr3,Ti;5A15Ni}, the tested hardness which decreases with
increasing the indentation load or indentation depth will be
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Fig.4 Schematic of indentation test procedure
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observed. Fig.5 shows the typical curves of hardness and
modulus of CuyZr3,Ti;sAlsNije. Fig.6 shows the calculated
values of hardness and modulus under different maximum
loads and loading rates.

From Fig.5, after an initial sharp increase, the values of
hardness and modulus do decrease as the indentation depth
increases and tend to stabilize at the deep penetration. The
experimental results confirmed that strong ISE exists in
HE-BMG CuyyZr3,TijsAlsNiyy during the nanoindentation
within the range of 100 nm. As illustrated in Fig.3, obvious
pile-ups (pointed by arrows) formed in the tested samples
during penetration. And more pile-ups formed as the
penetration depth increased, resulting in an increase in the
bands. In words,
diffusion-controlled STZs formed. Meanwhile, the strain
gradients in the vicinity of the indentation formed. As a result,

density of shear other more

the rearrangements of atomic positions and free volume lead
to a softening. While in HE-BMGs, the rearrangements of
atoms are sluggish due to the high entropy effect and the
strong metallic bonds among the multiple elements. That is
why ISE exists in the tested HE-BMG samples although the
ISE is more pronounced in soft materials.

The slight oscillating of hardness and modulus at the
stable stage may be resulted from the pop-in events
mentioned above.

From Fig.6, both hardness and modulus at the peak load
decrease with the applied load. And the effect of maximum
applied load on the values of modulus is greater than that
on the hardness. Loading rates have less influence on the
modulus and hardness than maximum applied load.
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According to Meyer’s law, if the indenter has an ideal
geometry, the relationship between the applied load (P) and
the indentation depth (/) can be expressed as follows ©:

P=Ch" (5)
where C is a constant. And the second-order differential
against indentation depth /4 in Eq.(5) can be provided by:

2
375 =n(n-1)Ch"? (6)

If n=2 in Eq. (5) and Eq.(6), the materials showed no ISE.

If n<2, the materials showed ISE, which was confirmed by

many materials °*. The calculated values of n during
loading to different P, at a loading rate from 1 mN/s to 5

mN/s are shown in Fig.7.

9.0
D«j a
% 851 —=— | mN/s
g —e— 2 mN/s
— 8.0} —4—3 mN/s
§ —v— 4 mN/s
g 75} —— 5 mN/s
3

= 70}

«

2 65}

X

E’ 6.0 1 il il il

= 50 100 150 200

130

120

110

100

90

80
0 50 100 150 200
Maximum Load/mN

Modulus at Maximum Load/GPa

Fig.6 Hardness (a) and modulus (b) at different maximum applied

loads

1.80 —=— | mN/s
1.75F ——2mN/s

—4—3 mN/s
L70f —v— 4 mN/s
1.65F ——5mN/s

1.60
1.55¢
1.50
1451
140
1.35
0

50 100 150 200
Prax/mN

Fig.7 Index n vs Pnax at different loading rates



Pi Jinhong et al. / Rare Metal Materials and Engineering, 2019, 48(3): 0744-0750 749

From Fig.7, the values of index # at all testing conditions
are less than 2, indicating the existence of ISE during the
indention of glassy CujeZr;,TijsAlsNijg. And 7 increases
with the P, when P, < 60 mN. After that, the values of n
show a very slight change.

Generally speaking, a significant indentation size effect
is expected for soft materials, but very small indentation
size effect is expected for hard materials °'1. Tt is interesting
that the HE-BMG shows both obvious ISE and high
hardness (see Fig.6).

2.3 Energy dissipation

The fraction of energy dissipated during indentation, £y,
is determined by calculating the area within the indentation
p-h curve divided by the area under the loading portion of
the curve P*!. In other words, E, can be simply calculated by
the following equation:

_ v, ®)
u,+U.

E,

where U, is the net area enclosed by the load-displacement
curve (see Fig.4b), representing the energy loss due to
plastic deformation and elastic strains for residual stresses
in the specimen material, and U, represents the area beneath
the unloading curve. Pure plastic work is dissipated as heat
(E;~=100%). Pure elastic deformation does not dissipate
energy and is fully recovered upon unloading (E4=0%). The
calculated energy dissipation fraction E; of HE-BMG
CuyZr3,Tij5Als Nijy loaded to different P,,, is shown in
Fig.8. It can be clearly seen that all calculated values of Eg4
change within the range of 54%~60%.
2.4 Strain hardening effect

The typical load-displacement curves under cyclic loading
are shown in Fig.9. From Fig.9, obvious hysteresis in the
reloading curves can be observed. In other words, the
unloading curve is not completely reversible for the
subsequent reloading curve. Higher load is needed to reach the
same indentation depth as the previous unloading. During
cyclic nanoindentation, the sample is loaded and unloaded
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Fig.9 Typical load-displacement curves undercyclic loading

repeatedly at the same position, resulting in the formation of
hysteresis loop, which is a direct evidence of the reverse
plasticity of the material during unloading. In the reloading
curve, the slope of the load-displacement curve changes
after a yielding point as marked by the circle in Fig.9,
which exhibits a hardening effect **. And the higher the
applied load, the stronger the strain hardening effect.

Unlike the conventional loading mode, cyclic loading can
boost the events of pop-ins. Even when the applied load is
less than 20 mN, clear serration flows can be observed at a
loading rate up to 5 mN/s. Larger load or slower loading
rate is needed to trigger the pop-ins in the usual one time
loading-unloading mode (see Fig.1 discussed above).

3 Conclusions

1) Pop-in occurs in HE-BMG Cu,9Zr3,Ti;5sAlsNio during
nanoindentation.

2) Applied load has more influences on the pop-in events
than loading rate.
effect exists in HE-BMG
CuyoZr;,TijsAlsNig, as confirmed by the decreasing
hardness with increasing the indentation load and the

3) Indentation size

Meyer’s index n less than 2. The fraction of energy
dissipated during indentation (£4) changes within the range
of 54%~60%.
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