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ARTICLE INFO ABSTRACT

Keywords: Minor alloying represents a commonly - employed experimental approach for adjusting the mechanical prop-
Minor alloying erties of metallic glasses. However, the physical mechanism underlying the minor alloying effect remains
Plasticity

ambiguous due to the unknown atomic structure. In this study, we systematically investigated the minor alloying
effect on the macroscopic plasticity of metallic glasses from the perspective of shear band nucleation kinetics. By
taking (Cug.47Zr¢.45Al0.08)100-xErx (x = 0-4 at%) system as the research object, we determined the evolutions of
plasticity, shear band nucleation kinetics including nucleation site density, nucleation rate, and activation barrier
with varying Er doping contents. It was found that the optimal plasticity occurs when the Er element addition is
2 %, concurrent with the highest nucleation site density, the largest nucleation rate, and the lowest nucleation
barrier. Furthermore, a scheme was introduced to illustrate the effects of Er doping on the plasticity and shear
band nucleation kinetics of metallic glasses. The current study offers a novel perspective for understanding the
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correlation between chemical composition and deformation mechanism in amorphous materials.

1. Introduction

Metallic glasses (MGs), as a typical amorphous material, have drawn
great attention because of their unique structure and outstanding
properties, which hold substantial research significance and great po-
tential for engineering applications [1-5]. One of the main sources of the
immense appeal of MGs is their range of outstanding mechanical prop-
erties, such as high strength, great hardness, high elastic strain limit,
high fracture toughness and remarkable wear resistance [6-9]. How-
ever, due to the lack of the intrinsic structural defects, MGs display the
limited plastic deformation ability under external loading [6,10-12],
which seriously restrains the practical applications as the structural
materials. To overcome this bottleneck, a large number of researchers
put forward a series of experimental methods, such as the introduction
of second crystalline phases [13-15], the rejuvenation treatment [16,
171, the regulation of the atomic structure [18,19], the surface treat-
ment [20,21], and the chemical composition tuning [22-24]. Among
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these strategies, the minor-alloying method displays the flexible and
convenient characteristics for adjusting the mechanical properties
including the plastic deformation ability in MGs. Most of brittle MGs can
be improved to a certain extent by appropriate minor alloying [24-26].
However, the physical mechanism for the minor-alloying effect on the
plastic deformation ability is still unclear.

Different from the crystalline alloys, the mechanical behaviors of
MGs are usually governed by one type of local deformation unit, shear
band (SB) [6,26-28]. The initiation of an SB marks the onset of plastic
yielding corresponding to the highly localized plastic flow, which limits
ductility and leads to strain softening. The number of SBs and the
propagation speed for SBs usually determine the detailed deformation
behaviors. For MGs, the more SBs and the lower SB propagates, the
better the plastic deformation ability. Considering that the formation
and evolution of SBs during deformation are governed by their nucle-
ation kinetics [29,30], the information on SB nucleation Kkinetics,
including the nucleation sites, nucleation site density, nucleation rate
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and nucleation barrier, is critical to reveal the deformation mechanism
in MGs. Yet, in view of the stochastic nature of the SB nucleation, it is
difficult to detect the nucleation information by traditional mechanical
testing methods. Recently, one experimental framework by combining
the nanoindentation testing with classical nucleation theory was
advanced to quantitatively obtain the information of SB nucleation ki-
netics [31-34]. The effects of relaxation types, structural relaxation,
strain rate on the SB nucleation behaviors and the ductility have been
investigated, which indicates that this method is effective. Thus, the
aspect of the SB nucleation kinetics may be used to reveal the underlying
microscopic mechanism of the minor alloying effect on the macroscopic
plasticity of MGs [35].

In this work, one known MG system of Cu47Zr45Alg was chosen as the
research object considering its good glass formation ability and potential
practical applications [35,36]. Previous research reported that the
doping of rare earth elements can effectively improve the glass forma-
tion ability, the thermal stability and the plastic deformation ability
[37-39]. Here, we selected one rare earth element of Er with low cost to
investigate the minor alloying effects on the macroscopic plasticity and
the SB nucleation kinetics of (Cuo.a7Zro.4sAlo.08)100-xErx (x = 0-4, at%).
The structure, the macroscopic mechanical properties, the SB nucleation
kinetics involving the kind of SB nucleation site, the density of nucle-
ation sites, the nucleation rate and the nucleation barrier were system-
atically investigated. Finally, the correlation between the different
contents of Er-doping and the plastic deformation ability was revealed in
terms of the SB nucleation kinetics.

2. Experimental methods

Alloy ingots with the nominal compositions of (Cuo.47Zro.4sAlo.
08)100-xErx (x = 0-4, at%) were produced by means of arc melting tech-
nology under the condition of a high-purity argon atmosphere. The
purity of the applied element metals of Cu, Zr, Al, and Er was 99.9 %. In
order to attain chemical homogeneity, each alloy ingot was melted over
six times. As soon as the alloy ingots had been prepared, they were
broken into small pieces. Then, for every alloy ingot, the samples in the
form of cylindrical rods with a diameter of 3 mm were prepared through
suction casting into one water-cooled copper mold within an argon at-
mosphere. X-ray diffraction was employed to identify the amorphous
nature of the as-cast rod-like samples (XRD, Bruker D8 Advance, Cu-
Ko).

To quantitatively characterize the plastic deformation ability, with
an Instron testing machine (Zwick/Roell Z100), the uniaxial compres-
sion tests were executed at room temperature. Following the standard
ASTM (American Society for Testing and Materials) standard, the
specimens for uniaxial compression tests were set as a height-to-
diameter ratio of 2 (the diameter is 3 mm and the length is 6 mm) and
the applied strain rate was 0.001 s . For each composition, at least
three samples were applied for the compression tests to ensure repeat-
ability and reliability. Before the tests, all of the rod specimens were
polished carefully by a series of sand papers to avoid the influence of the
surface morphology. After compression tests, the fracture surface
morphology was observed using a scanning electron microscope (SEM,
EVO018).

For characterization of SB nucleation kinetics, the nanoindentation
tests were applied. Firstly, for every MG composition, the rod samples
prepared beforehand were sliced into uniformly thin slices that were
1 mm in thickness. Second, all of the thin slices were initially polished to
confirm the flat surface and then were mounted into rubber molds using
a mixture of epoxy hardener and epoxy resin, followed by curing for
24 hours. In the final step, all of the mounted samples were progressively
polished by means of diamond abrasive films having particle sizes of 30,
15, 6, 3, 1, 0.5, and 0.1 pm, respectively. During the final polishing
stage, the chemo-mechanical polishing procedure with colloidal silica
was used for additional polishing by combining mechanical polishing
and etching effects. Once the polishing procedure was completed, all of
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the samples were left to stay at room temperature for four weeks so as to
get rid of the residual surface stress. Then, a series of nanoindentation
experiments were conducted with the help of a Hysitron TI950 nano-
indenter that has a spherical tip with an effective radius of approxi-
mately 1.10 pm (Bruker). The nanoindentation experiments were
performed under load-controlled mode and the applied loading rate was
0.2 mN/s. To ensure the statistical significance of the results, over 200
repetitions were conducted for each MG composition. The spacing of 20
pm was applied between the indentation points to prevent potential
overlap of the strain fields between adjacent indents.

3. Results and discussion

3.1. Characterization of structure and macroscopic mechanical properties
Of (Cllo.47Zro.45Alo.os)1oo—xErx (X = 0—4, at%) MGs

For the prepared 3 mm rod-like samples of (Cuo.47Zr0.45Alo.08)100-xErx
(x = 0-4, at%) (the right part of Fig. 1(a)), the corresponding XRD
patterns were shown in Fig. 1(b). For simplicity, these samples were
marked as Er0, Erl, Er2, Er3 and Er4, respectively. Clearly, all of the rod
samples are amorphous, which indicates that the Er doping is good for
the glass formation. According to the mixing enthalpy criterion for glass
formation, the values of the Er and Cu, Al are negative (the left part in
Fig. 1(a)), which is beneficial to the glass formation ability [40,41].

To quantitatively characterize the macroscopic mechanical proper-
ties of (Cuo.a7Zro.45Alo.08)100-xErx (x = 0—4, at%) MGs, a series of uniaxial
compression tests were performed with the strain rate of 1 x 103 s~ L.
The detailed compression stress and strain curves were displayed in
Fig. 1(c). From the above curves, the values of the yield strength, the
plastic strain and the elastic modulus can be determined and were listed
in Table 1. At least three samples for each MG composition were applied
for the uniaxial compression tests and the corresponding error bars for
the above mechanical properties were also included in Table 1. One can
see that different contents of Er doping make (Cuo.a7Zro.45Alo.08)100-xErx
exhibit different mechanical behaviors. Firstly, for the elastic modulus,
there appears the non-monotonic evolution with the increase of the
content of the doped Er. When the Er concentration increases from 0 %
to 2 %, the elastic modulus decreases; when the Er concentration further
increases from 2 % to 4 %, the elastic modulus increases. At 2 %, the
elastic modulus reaches the minimum value. This result is consistent
with previous research [24-26]. Considering that the doping of the rare
earth elements changes the atomic structure and the electronic struc-
ture, more related research needs to be conducted, which will be
included in our future research plan. Secondly, for the adjustment of
macroscopic plasticity, there is almost no plasticity (only 0.21 %) for
CUo.47Zr0.45Alo.0s MG without Er doping. With the Er content increasing
into 1 %, there appears one small plasticity (3.61 %). When the Er
content increases into 2 %, the plastic strain is the largest (5.76 %). With
the further increase of the Er content, the plastic deformation ability
becomes weak, accompanied by a reduction in strength. And the plas-
ticity is the smallest for (Cuo.a7Zro.ssAlo.08)gsErs MG (0.23 %). The
comprehensive comparison of the plastic deformation ability and the
strength was shown in Fig. 1(d). Thus, the (Cuo.47Zro.45Alo.08)9gErs MG
displays the best comprehensive mechanical performance.

To further investigate the deformation mechanism during uniaxial
compression for (Cuo.s7Zro.asAlo.0s)100-xErx (x = 0-4, at%) MGs, the cor-
responding fracture surface morphologies were observed and displayed
in Figs. 2(a)-2(e). From Figs. 2(a)-2(e), the main fracture morphology for
all MG samples is the vein-like pattern, which is the typical character of
the shear-governed deformation [42,43]. The difference lies in the size
and density of the vein patterns. The comparison plot of the average size
and density of the vein morphologies for different MGs was shown in
Fig. 2(f). Obviously, the (Cuo.47Zro.45Alo.08)9gErs MG displays the smallest
and most vein patterns, which implies that there appears the serious
plastic deformation. In contrast, the Cuo.s7Zro.45Alo.0s and (Culo.47Zro.asAlo.
0s)osEr4 MGs with poor plastic deformation ability display the largest but
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Fig. 1. (a) Designing strategy for Er-doped (Cug 47Z1¢ 45Al0.08)100xErx (X = 0-4, at%) MG systems. The right part gives the optical photos for the corresponding rod-
like samples (The diameters of rod-like samples are 3 mm). (b) XRD patterns of (Cug 47210 45Alo.08)100xErx (X = 0-4, at%) MG samples. (c¢) Compressive stress and
strain curves of (Cug.47Zro.45Alo.08)1004Erx (X = 0-4, at%) MG rods. The strain rate is 0.001 s—*. (d) Comparison of plastic strain and yield strength for (Cug 47Z-

r0.45Al0.08)100.xErx (X = 0-4, at%) (x = 0-4, at%) MG rods.

Table 1
Data list of elastic modulus, yield strength, and plastic strain for (Cuo.47Zro.asAlo.
08)100-xErx (x = 0-4, at%) MGs.

Samples  Elastic modulus (GPa) Yield strength (MPa) Plastic strain (%)
Er0 98.23 + 0.92 1847 +18 0.21 + 0.07
Erl 98.73 + 0.68 1764 + 12 3.61 +0.18
Er2 84.21 + 0.75 1738 £15 5.76 + 0.17
Er3 91.67 + 0.65 1762 + 13 3.24 +0.13
Er4 104.86 + 0.85 1608 + 16 0.23 + 0.09

fewest vein pattern. Therefore, the above results and discussions show
that the appropriate doping of the Er element (2 %) can effectively
improve the macroscopic plasticity of Cu-Zr-Al MG system. Taking into
account that the mechanical behaviors of MGs are mainly controlled by
the formed SBs during deformation, the SB nucleation kinetics behaviors
are of great importance for understanding the Er minor alloying effect
on the macroscopic mechanical properties. The detailed SB nucleation
kinetics analyses are described in the below.

3.2. SB nucleation kinetics for (Cuo.47Zro.4sAlo.08)100-xErx (x = 0-4, at%)
MGs

3.2.1. SB nucleation process and nucleation site types

Under uniaxial loading, the nucleation process of SBs is difficult to be
observed by the traditional compression tests due to its stochastic nature
and weak signal. In contrast, the nanoindentation platform with high
spatial resolution and signal sensitivity provides a flexible tool to detect
the SB nucleation kinetics [31-34]. Here, by taking Cu4yZrssAlg MG
sample as an example, the detailed analyses process will be displayed. As
depicted in Fig. 3(a), a typical load-displacement curve for nano-
indentation with a loading rate of 0.2 mN/s for Cu4yZrssAlg MG is
illustrated. When undergoing nanoindentation, the material at first
shows an elastic Hertzian response, as depicted by the blue dashed curve
in Fig. 3(a). The first pop-in occurrence, which is marked by the red
circle in Fig. 3(a), is witnessed as a sudden rise in displacement under a
steady load. It has been confirmed by previous studies that the

nucleation process of SBs is corresponding to the first pop-in event
[31-34,44]. Therefore, by analyzing a large number of first pop-in
events with statistical significance, the SB nucleation kinetics associ-
ated with different MGs can be gotten.

For ensuring the statistical significance, approximately 200 indi-
vidual nanoindentation measurements for each MG sample were con-
ducted and the load values of a great deal of first pop-in events were
collected, as shown in Fig. 3(b). One can see that there is no systematic
drift for all of the SB nucleation events, indicating that SB nucleation is a
random process. Based on the load distribution of the first pop-in loads,
the normalized cumulative distributions of the first pop-in loads for
(Cuo.47Zro.45Alo.08)100-xErx (x = 0-4, at%) MGs were acquired and pre-
sented in Fig. 3(c). For different Er-doped MGs, there appear different
shifts of the cumulative distributions compared to that of Cus;ZrssAlg
MBG. To better illustrate the variation of loads for SB nucleation, the first
pop-in load values where the normalized cumulative distribution value
is 0.5 were plotted in Fig. 3(d). Evidently, as the doped Er content rises,
the load at the first pop-in event first declines and then goes up. At the
2 % Er content, the first pop-in load reaches the minimum value, which
implies that the SB nucleation for 2 % doped MG sample is easiest.

To identify the SB nucleation site types for different MGs, the 3D
probability distribution function of the first pop-in loads according to
the results in Fig. 3(c) was shown in Fig. 3(e). From Fig. 3(e), a distinct
shoulder appears on the high-load side of the peak for all MG samples,
rather than following a typical symmetric Gaussian function. What is
more, even though the probability density distributions show similar
asymmetric characteristics, the asymmetry of the MG samples varies
because of the different positions of the shoulders. This special distri-
bution character indicates that there exist two different SB nucleation
sites being activated within different load ranges. To simplify matters,
we labeled the two SB nucleation sites as low-load sites and high-load
sites respectively. To quantitatively show the progression of the two
SB nucleation sites along with the alteration of Er content, the peak
values of the probability density functions regarding the two sites were
exhibited in Fig. 3(f). Evidently, the peak values of the probability
density for the two SB nucleation sites at first increase, then decrease,
and reach their highest point in the 2 % Er-doped MG. The above results
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Fig. 3. (a) Nanoindentation displacement-load curve with a loading rate of 0.2 mN/s for Cu4;Zr4sAlg MG sample. The red circle marks the first pop-in event and the
blue dashed curve gives the fitted Herzian function. (b) First pop-in load distributions for (Cug 47Zr¢.45Alo.08)100-xErx (X = 0-4, at%) MGs. For each MG, the dis-
tribution analysis was based on about 200 independent nanoindentation tests. (c) Normalized cumulative densities of first pop-in events for (Cug.47Zro.45Al0.08)100-
<Ery (x = 0-4, at%) MGs. (d) First pop-in load values for (Cug 47Zr 45Alp.08)100xErx (X = 0-4, at%) MGs when the cumulative density value is 0.5. (e) Three
dimensional wiremesh mapping as a function of load and length at first pop-in events for (Cug 47Zr¢ 45Al0.08)100xErx (x = 0-4, at%) MGs. (f) Peak values of prob-
ability density for two different SB nucleation sites for (Cug 47Zro 45Al0.08)100-xErx (x = 0-4, at%) MGs.

imply that both of two SB nucleation sites for CusyZrssAlg MG can be
easier to be activated than those of other MG samples, which agrees with
the results shown in Fig. 3(d). In the following sections, we will discuss
the nucleation site densities, nucleation rates, and nucleation barriers of

SBs with different Er doped contents. In addition, it should be pointed
out that the feature of dual-peak SB nucleation sites for MGs is common
and is independent of both energy states and chemical composition [31,
34]. However, MGs having varying compositions show highly different
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SB nucleation behaviors, thereby causing diverse mechanical properties.

3.2.2. SB nucleation site density

For MGs, the more of SB nucleation sites are activated during
deformation, the more SBs form [6]. More formed SBs are favorable to
undertake more external loading and display the better plastic defor-
mation ability. Therefore, the density of SB nucleation sites is an
important parameter for comprehending the effect of minor alloying on
the mechanical behaviors of MGs. Previous reports have indicated that
the SB nucleation is stochastic and there are no orientation-dependent
nucleation events in MGs [27-29]. Thus, herein, we presume that the
activated SB nucleation sites are randomly dispersed within the defor-
mation volume Vg A series of our previous works also verified that this
assumption is reasonable and effective for describing and simulating the
SB nucleation behaviors of MGs [32-35]. During nanoindentation tests,
the volume of deformation Vg under external load usually follows the
minimum criterion of the volume of the pop-in event [45,46]. Thus, Vg
can be regarded as approximately 1 %Vg, with Vg being the

displacement volume right beneath the indenter tip [44]. The Vs is
given by

9p?
16E’R )

1
7 9P2R%\ 3
Vdi.s—g 3(16Ef) +

in which P represents the applied load; R stands for the tip radius of
the indenter; E, denotes the reduced modulus, E, = W,
where E and E; are the elastic modulus for the MG samples and the
indenter; vs and v; are the Poisson’s ratio for the MG samples and the
indenter [32]. For the applied indenter in this work, the modulus E; is
1141 GPa, the Poisson’s ratio v; is 0.07 and the tip radius R is 100 nm.
For (Cuo.47Zr0.45Alo.08)100-xErx (x = 0-4, at%) MG samples, the modulus
E; can be ascertained through nanoindentation, and the specific values
of E; were listed in Table 1. For MGs, the Poisson’s ratio is insensitive to
the minor addition of the rare earth elements [25]. Here, for
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(Cuo.47Zro.45Alo.08)100-xErx (x = 0-4, at%) MG samples, the difference of
Poisson’s ratio can be considered as being negligible. The values of the
Poisson’s ratio for all of MGs are about 0.364 [47].

After confirming the deformation volume during nanoindentation,
the density of the SB nucleation site s can be described as the proportion
of the number of nucleation sites to the deformed volume. For experi-
mental estimation, it is not easy to acquire the quantitative data about
the number of nucleation sites. On the other hand, taking into account
the probability density of the SB nucleation sites W can be expressed by

W=1-exp (—sVas) 2

Thus, it is feasible to obtain the detailed information regarding the
nucleation site density. Here, from the experimental results of the first
pop-in events, the detailed evolution of W with different external loads
can be obtained from Fig. 3(e). Thus, the densities of the nucleation sites
for two distinct nucleation sites can be acquired from Eq. (2), and be
expressed as

s=—

. In(1- W) ®3)
3
0.01%Z[3 (911’;;;) + sep7R)

By taking the detailed values of the parameters into Eq. (3), the
nucleation site density functions related to two nucleation sites were
displayed in Fig. 4(a). It can be observed that various MG samples
exhibit distinct SB nucleation density evolution trajectories in response
to external loads. To further quantitatively study the effect of Er doping
on SB nucleation site density, the density peak values of two nucleation
sites can be determined from Fig. 4(a) and shown in Fig. 4(b). First, as
the Er content increases, the peak values of both two nucleation sites
initially increase and then decrease. At the Er doping content of 2 % Er,
the nucleation site densities reach the maximum values, which means
that (Cuo.s7Zro.45Alo.08)9gEry MG has the most SB nucleation sites.

3.2.3. SB nucleation rate
Considering that the formation of SBs during deformation is a pro-
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Fig. 4. (a) Three dimensional distribution of nucleation site densities of two SB nucleation sites for (Cug 47Zro.45Al.08)100-xErx (X = 0-4, at%) MGs. (b) Peak values of
nucleation side density functions for (Cug 47Zr¢. 45Al0.08)100xErx (X = 0-4, at%) MGs. (c) Three dimensional distribution of nucleation rates of two SB nucleation sites
for (Cug.47Zrg.45Al0.08)100xErx (X = 0-4, at%) MGs. (d) Peak values of nucleation rate functions for (Cug 47Zrg 45Alg.08)100-xErx (X = 0-4, at%) MGs. (e) Three
dimensional distribution of the nucleation barriers of two SB nucleation sites for (Cug_47Zrg 45Alg 08)100xErx (X = 04, at%) MGs. (f) Peak values of nucleation barrier

functions for (Cug 47Z10 45Alp.08)100-xErx (x = 0-4, at%) MGs.
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cess of the nucleation and growth of the nucleation sites, the nucleation
rate of SB nucleation sites is crucial for determining the number of
formed SBs as well as the resulting mechanical behaviors [27,44]. Here,
to obtain the nucleation rate from the first pp-in events in Fig. 3, we
assume that the SB nucleation process follows the classical nucleation
theory. Thus, by combining with Egs. (1)-(3), one can obtain detailed
information about the nucleation rate by following the steps described
below. Firstly, according to the experimental results of the first pop-in
events shown in Fig. 3(e), the kernel density function corresponding
to the experimental probability density function f(t) was introduced
[31-34]. Subsequently, the cumulative distribution function F(t) can be
acquired by integrating the aforementioned kernel density function.
After that, the statistical probability density function known as the
hazard rate function A(t) can be computed in accordance with the
equation A(t) = f(t)/[1 - F(t)] [32]. The hazard function can be employed
to describe the likelihood of an event remaining in existence over time,
which is directly related to the nucleation rate. As a result, the nucle-
ation rate J can be computed by

J=t)/Vay @

According to the Eq. (4) and the detailed experimental results in
Fig. 3(e), the SB nucleation rate for two different nucleation sites
(Cuo.47Zr0.45Al0.08)100-xEry (x = 0-4, at%) MGs can be obtained and
shown in Fig. 4(c).

From Fig. 4(c), MGs with different Er doping contents display
significantly different nucleation rate evolution behaviors with the
loads. For all of MGs, the nucleation sites under low load are activated
first, and the nucleation rate rises rapidly. Subsequently, when the load
reaches one critical value, the nucleation site under high load begins to
be activated, and the nucleation rate gradually exceeds that of the low
load nucleation sites. To comprehensively compare the nucleation rate
for different MGs, the peak values of the nucleation rate corresponding
to the two nucleation sites in (Cuo.47Zr0.45Al0.08)100-xErx (x = 0-4, at%)
MGs were acquired and plotted in Fig. 3(d). Evidently, the peak values of
the nucleation rates for both of these nucleation sites show an initial
upward trend followed by a downward trend as the Er doping content
increases. At the Er doping content of 2 %, the nucleation rate peak
values of two nucleation sites reach the maximum points. Compared to
the nucleation rates of CusrZrasAls, (Cuo.s7Zro.asAlo.0s)g7Ers and
(Cuo.47Zr0.45Al0.08)9gEr4, the nucleation rates for (Cuo.47Zro.4sAlo.08)9gEro
MG exhibit the nearly six to seven orders of magnitude larger, indicating
that the Er doping has a particularly significant impact on the nucleation
rate of the MGs. The greater the nucleation rate is, the more and faster
the SBs will be formed, which helps to improve the plastic deformation
ability of MGs. The above results and discussions are in line with the
outcomes in Figs. 1(c) and 1(d) regarding the evolution of plasticity with
the Er doping contents.

3.2.4. SB nucleation barrier

Based on the cooperative shear deformation model proposed by W. L.
Johnson and K. Samwer [48], the SB nucleation can be looked upon as
an activation process under the influence of the external load . Subse-
quently, the correlation between the nucleation rate J and the nucle-
ation activation barrier W(r) can be formulated as

wi), ©)

J = wexp( — XT

in which o represents the frequency constant and it is the result of
multiplying an atomic jump frequency (for MGs, this can be regarded as
10'3 s71) by the nucleation site density [34]. Then, according to Eq. (5),
the SB nucleation activation barrier can be obtained by

W)/ kT = In(o/ J) (6)

After taking the results of the nucleation rates in Fig. 4(c) into Eq.
(6), the detailed nucleation activation barriers of two nucleation sites for
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(Cuo.47Zro.45Alo.08)100-xErx (x = 0-4, at%) MGs were calculated and dis-
played in Fig. 4(e). Similar to the nucleation rates in Fig. 4(c), the
nucleation activation barriers of two different nucleation sites for
(Cuo.47Zro.45Alo.08)100-xErx (x = 0-4, at%) MGs display different evolution
behaviors with the external load. For the purpose of quantitatively
characterizing the evolution behaviors, the peak values of the nucleation
activation barriers corresponding to the two nucleation sites for
(Cuo.47Zro.45Alo.08)100-xErx (x = 0-4, at%) MGs were obtained from Fig. 4
(e) and shown in Fig. 4(f). Usually, the SB nucleation barrier can roughly
describe the difficulty of SB nucleation events occurring during defor-
mation. First, for the low load and high load nucleation sites, with the
increase of the doped Er contents, the activation barriers firstly decrease
and then increase. At the 2 % Er doping content, the activation barriers
reach the minimum values, which indicates that the formation of SBs for
(Cuo.47Zro.4sAlo.08)9gErs MG is easiest. These results are consistent with
the results in Fig. 1(c) and Fig. 4(d).

In addition, it should be noted that the difference in activation bar-
riers for two nucleation sites seems not significant, indicating that the
activation energy required for SB nucleation of two different sites is very
close. Considering that two different nucleation sites are structurally
originated from the intrinsic heterogeneous structure of MGs [49,50],
the low load nucleation site and high load nucleation site can be
considered to be activated from the liquid-like and solid-like regions at
the nanoscale. The above results indicate that the intrinsic heteroge-
neous structure is actually affected by different Er doping contents.
However, the difference of the properties between the liquid-like and
solid-like regions for MGs may not be obviously changed considering the
close values of the activation barriers for two nucleation sites.

3.3. Physical mechanism of the Er-doping effect on the macroscopic
ductility and SB nucleation kinetics in MGs

Although there have been previous researchers focusing on the
minor-alloying effects on the plasticity of MGs based on the free volume
and shear transformation zone model [25,37-39,51,52], there is no
research to clarify the correlation between the minor-alloying induced
the brittle-ductile transition and the SB nucleation kinetics. Based on the
results and discussions, different doping contents of the Er element
actually have the significant influences on the macroscopic plasticity
and the SB nucleation kinetics. Based on the results and discussions in
the current work, different doping contents of the Er element actually
have the significant influences on the macroscopic plasticity and the SB
nucleation kinetics. The SB nucleation kinetics including the nucleation
site density, the nucleation rate and the activation barrier display a
positive correspondence with the macroscopic plasticity, that is, the
higher of the site density, the faster of the SBs nucleate and the lower of
the activation barrier, the better of the plastic deformation ability. On
the other hand, the transition of the deformation mode between brittle
and ductile is caused by the transition of the SB nucleation kinetics.
Fig. 5 presents a scheme that clearly illustrates the physical mechanism
underlying the influence of Er doping on the deformation mode and SB
nucleation kinetics in MGs.

It should be noted that except for the Er doping, the minor alloying of
other rare earth elements should have the similar effect on the
improvement of mechanical properties in MGs. B.W. Zhou et al. found
that Dy doping first enhances and then weakens the plasticity of the Cu-
Zr-Al MG system [53], which is consistent with the results of our work.
On the other hand, considering the differences of the atomic radius and
the electronic structure, different rare earth elements should play
different roles in mechanical behaviors of MGs. B. Huang et al. reported
that as the atomic radius of the rare earth elements increases, the elastic
modulus and strength tend to increase [54]. For the improvement of
plasticity, only some rare earth elements have the positive effect. Thus,
the detailed physical mechanism for the doping effect difference of
different rare earth elements needs more researches to clarify, which is
not the focus of the current work. Considering that the SB nucleation
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kinetics is closely related to various mechanical properties, including
plasticity, toughness, mechanical relaxation, and elastic modulus
[31-34], it provides a new viewpoint for understanding the diverse
mechanical behaviors and microscopic deformation mechanisms in
different amorphous materials. On the other hand, although the minor
alloying effect on the plasticity of MGs is well explained from the SB
nucleation kinetics, how to choose the specific doping element and the
proper doping content is still challenging. Our previous research has
verified that different SB nucleation sites in MGs correspond to various
structural heterogeneities, and nanoscale liquid-like regions are likely to
generate SBs [33]. The connection between the minor doping element
and the relevant structural heterogeneity holds the key to adjusting the
SB nucleation kinetics and mechanical behaviors, and this will be the
focus of our future research work.

4. Conclusions

In summary, we have systematically explored the effects of Er doping
on the macroscopic mechanical behaviors and the detailed shear band
(SB) nucleation kinetics, which encompasses the nucleation site density,
nucleation rate, and nucleation barrier within the Cua7ZrssAls MG. It was
found that different Er doping contents arise the significant changes for
both of the plasticity and nucleation kinetics. As the doped Er content
rises from 0 % to 4 %, the deformation mode undergoes two transitions.
When the Er concentration increases from 0 % to 2 %, the mode shifts
from brittle to ductile, and when it increases from 2 % to 4 %, it changes
from ductile to brittle. At 2% Er doping, the optimal macroscopic
plasticity is achieved. Significantly, at this 2 % Er doping level, the SB
nucleation kinetics demonstrate that the nucleation site density and
nucleation rate attain their maxima, while the nucleation barrier rea-
ches its minimum. A positive relationship exists between the macro-
scopic plasticity and the SB nucleation kinetics. The current work not
only presents a novel perspective for comprehending the influence of
minor alloying on macroscopic mechanical behaviors but also motivates
a new approach for adjusting mechanical properties. This novel strategy
relies on the kinetic SB nucleation behavior at the nanoscale, rather than
traditional average defects such as free volumes or shear transformation
zones.
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