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Herein, we systematically investigated the impact of configuration entropy (CE) on the glass-forming ability (GFA)
and mechanical response in a series of equiatomic binary Cus,Zrs, to denary (CuNiBeCoFe)s,(ZrTiHfTaNb)s,
metallic glasses (MGs) with similar atomic size difference and enthalpy of mixing. Interestingly, the senary
(CuNiBe)s, (ZrTiHf)5, MG with a medium CE of 1.79R exhibits the maximum GFA among the MGs, which means
that higher CE by itself is not a sufficient condition for higher GFA, although it should be a major design pa-
rameter according to the confusion principle. The mechanical response analysis was comprehensively performed
using nanoindentation test including statistical analysis of pop-in event to elucidate deformation dynamics of
shear-avalanches, and the analysis result was compared with the intensive structure data obtained by high en-
ergy X-ray scattering analysis. The nanohardness and the Young’s modulus (E) in MG with higher CE are shown
to outwardly increase which is dominantly due to increased 3-atom connections of cluster polyhedra as well as
lower fragility. However, the severe local structural irregularity and the compositional complexity in MG with
higher CE promotes the manifestation of relatively chaotic behavior as well as the loss of MG’s property inher-
itance, which results in the unexpected local softening of MG and ultimately modulating the response towards
ductile deformation. Thus, the denary MG with the highest CE of 2.30R exhibits an abnormally low incremental
rate in the cut-off values of strain burst size as well as measured E. Consequently, it can be concluded that the
CE could be one of the crucial factors in designing an MG to alter its characteristics towards achieving desirable
properties such as high GFA and enhanced plasticity.

1. Introduction HE-BMGs, substituting the constituent elements with elements that

have similar chemical properties in a prototypical BMG have been

It has been over a half century since metallic glasses (MG) were dis-
covered. Although we understand much better today, significant gaps in
our knowledge for active commercialization of MGs remain. In partic-
ular, the composition-related variations in essential properties such as
glass-forming ability (GFA), mechanical stability and processability re-
main critical issues. Therefore, various researches have been conducted
to overcome the challenges to expand the use of MGs [1-9].

Recently, high-entropy bulk metallic glasses (HE-BMGs) have been
developed encompassing the characteristics of bulk metallic glasses
(BMGs) and high-entropy alloys (HEAs). Unable to draw accurate mul-
ticomponent phase diagrams, one of the simplest ways of designing
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employed. However, such an alloy design through substitution is re-
ported to deteriorate the GFA, for example, from maximum diameter
for glass formation (Dy,,,) of 25 mm for Pd4qNi4oP5y [10] to 10 mm for
Pd,oPtyoNiygCuggPyy [11] by substitution of Pd with Pt and Ni with
Cu. On the other hand, enhancement in other properties of HE-BMGs
have been reported compared to those of conventional BMG counter-
parts, such as improved yield strength exceeding 2 GPa for equiatomic
TigoZr,0ClgyNigyBeyy HE-BMG compared to non-equiatomic Ti-Zr—Cu-—
Ni-Be BMGs [12], better thermal stability with slower crystallization
kinetics for Zr-Ti—-Hf-Cu-Ni-Be and Er-Gd-Y-Al-Co HE-BMGs [13,14],
superior soft magnetic property for Fe,5Co45Niy5(B, Si),5 with excellent
yield strength greater than 3 GPa and large plastic strain of about 3%
[15], and enhanced corrosion resistance and low Young’s modulus value
close to that of the cortical bone for CayyMg,yZnyySrygYbyy HE-BMG
[16]. It was typically explained that the enhancements in HE-BMGs are
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mainly attributed to the core effects of HEAs, namely, the high-entropy
effects. However, very little attention has been focused on the effect of
configuration entropy on the MG’s properties.

In this study, we systematically investigated the impact of configu-
ration entropy on the GFA and the mechanical response in a series of
equiatomic binary CusyZrs, to denary (CuNiBeCoFe)s,(ZrTiHfTaNb)s,
MGs, while minimizing the effect of § (parameter representing the
atomic size difference) and AH,;, (enthalpy of mixing). First, the com-
parison of GFA parameters, defined by easily measurable characteristic
temperatures of MGs obtained using calorimetric analysis, was carried
out to observe the influence of configuration entropy on the GFA. Sec-
ond, the mechanical response analysis was comprehensively performed
using nanoindentation test including statistical analysis of pop-in event
to elucidate the deformation dynamics of shear-avalanches. We then
carefully compared the results with the intensive structure data ob-
tained by high energy X-ray scattering analysis, which was employed
for the qualitative analysis of the atomic-level structure of the MGs.
Consequently, we learned that the severe local compositional complex-
ity caused by increased configuration entropy results in an unexpected
GFA variation as well as anomalous mechanical responses due to the
pronounced local structural instability. Our results allow us to propose
a novel strategy for designing an MG to alter its characteristics towards
desirable properties such as high GFA and enhanced plasticity.

2. Experimental

Master alloy ingots of CusgZrsg, (CuNi)so(ZrTi)sg, (CuNiBe)sq
(ZrTiHf)s, (CuNiBeCo)s((ZrTiHfTa)s, and (CuNiBeCoFe)s,
(ZrTiHfTaNb)s, (in at.%), denoted as CZ2, CZ4, CZ6, CZ8, and
CZ10, respectively, hereafter, were prepared by arc-melting high purity
(>99.9%) Cu, Ni, Be, Co, Fe, Zr, Ti, Hf, Ta, and Nb under Ti-gettered
argon atmosphere. The ingots were re-melted at least five times to en-
sure compositional homogeneity. Thereafter, melt-spinning technique
was employed to produce ribbon specimens, where the ingots were
re-melted using an induction heater in quartz tubes and were quickly
ejected with an over-pressure of 50 kPa through a 1 mm-diameter nozzle
onto a copper wheel rotating with a surface velocity of approximately
40 m/s. The melt-spun ribbons have thickness of 25+5 um and width of
2+0.2mm.

The amorphous structure of the as-spun ribbons was primarily
confirmed by X-ray diffractometer (XRD; Bruker D2 Phaser) using
monochromatic Cu K radiation. Thermal analysis was carried out dur-
ing continuous heating with various heating rate of 10, 20, 40, 80 and
160 K/min to determine the glass transition temperature (Tg) and the
crystallization onset temperature (T,) of as-spun ribbons using differen-
tial scanning calorimetry (DSC, Perkin Elmer DSC8500) and the liquidus
temperature (T;) on ingot samples using TGA/DSC 1 STARe system (Met-
tler Toledo). The microstructure of MGs was examined using high res-
olution transmission electron microscopy (HRTEM, Thermo Fisher Sci-
entific Titan 80-300). The samples for HRTEM observation were care-
fully prepared by mechanical polishing and Ar ion milling (Gatan PIPS II
model 695) at 3.0 keV under LN, cooling. The selected area diffraction
patterns (SAD patterns) were analyzed thoroughly using PASAD-tools in
the Gatan Digital Micrograph software [17].

For the in-depth analysis on the local atomic structure, high en-
ergy X-ray scattering (XRS) was carried out at room temperature at the
6-ID-D beam line of the Advanced Photon Source, Argonne National
Laboratory, using monochromatic X-ray beam with the wavelength of
0.123686 A (corresponding energy of ~100 keV) in transmission mode.
A two-dimensional stationary detector comprised of 2048 x 2048 pixels
with each pixel size of 200 um x 200 pm was employed. Calibration of
the beam center, detector tilt angles and the distance between the sam-
ple and the detector was carried out using CeO, powder. Correction of
the dark current and re-binning of the data were performed using FIT2D
software [18]. PDFgetX2 software [19] was utilized to generate the pair
distribution function, denoted as g(r), from the high energy XRS data by
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correcting background contribution and Compton scattering, and subse-
quently through Fourier transformation. The XRS results were compared
with those obtained at the 5A beamline of the Pohang Accelerator Lab-
oratory (PAL) with the wavelength of 0.6927 A (corresponding energy
of ~17.8keV).

Quasi-static nanoindentation was performed using Hysitron TI 750
Triboindenter with a 2 um radius conical type indenter at least 100 times
for each alloy composition. Maximum indentation force of 8 mN was
reached in 40s, held for 2's, and was withdrawn in 5s at constant load-
ing rates. The obtained load versus depth curves were fitted to second
degree polynomial equation and were subtracted by the fitted curve to
easily distinguish the pop-ins. A MATLAB based code was used to ap-
propriately determine the noise level from the holding time signals that
contain the instrumentally generated noise in order to identify the small
pop-ins. Further processing was performed to calculate the strain burst
sizes of the pop-ins and analyze the distribution characteristics using
cumulative probability distribution function.

3. Results
3.1. Alloy design of CZ2 to CZ10

It is well known that the formation zones of bulk metallic glasses
(BMGs) and solid-solution phases in multi-component alloys (so-called
high-entropy alloy, HEAs) under the factors of the atomic size differ-
ence () and the enthalpy of mixing (AH,,,) are completely oppo-
site. For example, to form BMGs, the alloys should have higher § and
largely negative AH_;,, which satisfy Inoue’s empirical rules for glass
formation. However, to form the solid solution, the alloys should have
high configuration entropy (S.,,), lower § and not too positive or neg-
ative AHp;,. Thus, to investigate the effect of S, under the mini-
mization of the effect of § and AH,;, in glass-forming alloys, first,
we carefully designed a series of equiatomic binary CusgZrs, (CZ2)
to denary (CuNiBeCoFe)s(ZrTiHfTaNb)s, (CZ10) alloy. In detail, CZ2
with D .. =2mm was chosen for the alloy composition with lowest
Scons» and then subsequent element additions chemically and topolog-
ically similar to Cu, viz., Ni, Be, Co, and Fe, and Zr, viz., Ti, Hf, Ta, and
Nb (as shown in Table 1 [20,21] and Fig. S1 in the Supplementary mate-
rial) were made to this composition whilst maintaining equiatomic ratio
to achieve high S, condition up to denary CZ10. It should be noted
that such a substitution strongly affects S.,,¢ but only weakly influences
AH_;, because the AH,; among the constituent and substituting ele-
ments is almost zero in each group, allowing us to explore the effect of
Sconf ON GFA.

Fig. 1 shows §, AHp,;y, and S, in a series of equiatomic binary CZ2
to denary CZ10. To obtain the values of 5, AHy,;y, and So, of the alloys,
the following equations were used.

2
5= Zx,.<1— Z:;-f-) N

AHp =Y 4AH[x;x; )
i#i
Seons = =R Y, x;Inx, 3)

where x; is the mole fraction, r; is the atomic radius of the ith element,
AHI.'}‘ix is the mixing enthalpy of liquid in ith and jth binary system and R
is the universal gas constant. The calculated results are listed in Table 2.
As shown in Fig. 1, § (multiplied by 100 for convenience) and AH,;, of
the alloys are close to each other with the values —11.5 + 1.3 and —27 +
5kJ/mol, respectively, whereas S, monotonically increases from 5.76
(0.69R) J/Kmol for CZ2 to 19.14 (2.30R) J/Kmol for CZ10. Indeed, it
can be noted that the series of alloys from CZ2 to CZ10 in this study
can allow us to investigate the influence of S ., on the GFA and the
mechanical responses under controlled § and AH,;,.
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Table 1
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Mixing enthalpy of binary systems (kJ/mol) and atomic radii (A) of considered elements
in this study. The atomic radii are shown on the diagonal positions.

Element Cu Ni Be Co Fe Zr Ti Hf Ta Nb
Cu 128 4 0 6 13 -23 -9 -17 2 3
Ni 125 -4 0 -2 -49 -35 -42 -29 -30
Be 1.13 -4 -4 -43 -30 =37 -24 =25
Co 125 -1 -41 -28 -35 -24 -25
Fe 124 -25 -17 =21 -15 -16
Zr 160 0 0 3 4
Ti 146 O 1 2
Hf 158 3 4
Ta 143 0
Nb 1.43
S 20t i}
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Fig. 1. Graphs showing 6, AH;, and S, for CZ2 to CZ10. § and AH,y,;, values
fall within the range of 11.5 + 1.3 and 27+5 kJ/mol, respectively.

3.2. Vitrification of CZ2 to CZ10

Since the alloys were designed by substituting the elements from
CusyZrs, composition with topologically and chemically similar ele-
ments following the empirical rules for glass formation, the alloys from
CZ2 to CZ10 were expected to exhibit considerable GFA. Fig. 2 shows
the XRD traces of the as-spun ribbons of the alloys from CZ2 to CZ10.
All XRD traces showed broad diffraction peaks in the 2 theta range of
33-47°, representing a typical amorphous structure. The peak positions
are located within 2° deviation even under drastic compositional change
from binary CZ2 to denary CZ10. Furthermore, TEM analysis was em-
ployed to verify the amorphous nature of the as-spun samples since XRD
technique has limitations in examining the presence of crystalline pre-
cipitates of small volume fraction, especially those in nanoscale regime.
Fig. 3 presents (a) a HRTEM image, (b) SAD pattern (inset: intensity
profile) and (c) corresponding fast Fourier transformed (FFT) patterns
obtained from as-spun CZ10 ribbon. Despite the alloy being composed
of 10 elements in equiatomic ratio, the random atomic arrangement of

Table 2
8, AH iy, and S, calculated by Eq. (1)—(3) for CZ2 to CZ10.

Alloy notation ) AH,;, (kJ/mol) Swnf (J/K mol)
CzZ2 11.26  -23.00 5.76 (0.69R)

Cz4 10.34  -28.00 11.53 (1.39R)
CzZ6 12.77  -31.67 14.89 (1.79R)
CZ8 11.68  -28.44 17.29 (2.08R)
CzZ10 11.00 -24.40 19.14 (2.30R)

20 30 40 50

20 (deg.)

60 70 80

Fig. 2. XRD patterns obtained from as-spun CZ2 to CZ10 ribbon specimens.

constituent elements in HRTEM image (Fig. 3(a)) and the diffuse halo
SAD and FFT patterns (Fig. 3(b) and (c), respectively) strongly demon-
strate the formation of fully amorphous structure. In particular, the in-
tensity profile of the electron diffraction processed by PASAD software
(inset of Fig. 3(b)) exhibits no sharp peaks related to the presence of
distinguishable crystallites even in nanometer scale. It should be noted
that the series of alloys from CZ2 to CZ10 in this study can be fabricated
as a fully amorphous phase for ribbon specimens, which means that the
critical cooling rate for glass formation is under 10° K/s.

3.3. GFA evaluation of CZ2 to CZ10

Fig. 4 shows the DSC thermograms of CZ2 to CZ10 MGs indicated
with Tg, T,, and T;. The measured T, and T, show a gradual increase
along the series, which reflect on the greater metastable liquid stability
and resistance to crystallization, respectively. And an increase in S;ns Of
the alloys from CZ2 to CZ10 leads to a noticeable change in normalized
heat exchanges that occur during crystallization, resulting in a signifi-
cant decrease in peak intensities. However, T; initially decreases with
an increase in S, from 1258 K for CZ2 to 1107 K for CZ6, and then in-
creases up to 1498 K for CZ10. Consequently, some representative GFA
parameters were calculated using the measured characteristic tempera-
tures; reduced glass transition temperature T,y (=T, /T)) [22], y param-
eter (= [TX]/[Tg +T;]) [23], and ¢ parameter (= [AT,, + AT, + Tx]/T,:l"’X,
where AT, = T/ —T,, AT, =T, - T, and T"* = ¥ " n; - T},, with n; and
T} being mole fraction and melting temperature, respectively, of the ith
component of an n-component alloy) [24]. The characteristic temper-
atures and the calculated GFA parameters for CZ2 to CZ10 MGs are
listed in Table 3. Although the GFA parameters are not the absolute
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Fig. 4. DSC traces obtained from as-spun CZ2 to CZ10 ribbons. Black, red, and
orange arrow heads indicate the T, Ty, and Tj, respectively.

measures of GFA, they represent the GFA of the alloys well with rea-
sonable theoretical justification [22-24]. Fig. 5 shows the variation of
calculated GFA parameters in the series of CZ2 to CZ10 MGs. As shown
in Fig. 5, the parameter values show a steady increase from CZ2 to CZ6,
and then decrease to CZ10 (dotted lines). As a matter of fact, the maxi-
mum diameters for glass formation of CZ2 and CZ6 were reported to be
2mm [25] and 15 mm [26], respectively. Furthermore, it was confirmed
in this study that CZ10 was not able to vitrify when casted into 1 mm
rod specimen using water-cooled copper mold suction casting technique

Table 3
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Fig. 3. (a) HR-TEM image of as-spun CZ10 rib-
bon. (b) Corresponding selected area diffrac-
tion (SAD) pattern. (c) Fast Fourier transfor-
mation pattern confirming the non-crystalline
nature of the ribbon.
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Fig. 5. A graph showing calculated GFA parameters (T, 7, and €) for CZ2 to
CZ10 MGs.

(not shown). Thus, it can be understood that the trend of GFA and GFA
parameter was identified in the series of CZ2 to CZ10. Interestingly, the
senary CZ6 with medium S, exhibits the maximum GFA in the series
of alloys, which means that higher S, by itself is not a sufficient con-
dition for higher GFA. In general, higher S, is expected to hinder the
glass formation due to slower atomic diffusion and increased resistance
to crystallization as also stated by the confusion principle [27]. How-
ever, as shown in this work, higher S.,,s does not always lead to the
formation of an amorphous phase. This indicates that apart from Scopy,

The characteristic temperatures (T,, T, T; and T™~), calculated GFA parameters
(Ty, 7, and €) for CZ2 to CZ10 MGs.

Alloy notation T, (K) T, (K) T, (K) T~ (K) Ty y €

CZ2 676 725 1258 1743 0.537 0375 0.722
Cz4 690 733 1293 1786 0.534 0370 0.711
CZ6 690 764 1107 1869 0.623 0425 0.856
CZ8 753 796 1357 2034 0.555 0377 0.745
CZ10 776 897 1498 2083 0.518 0394 0.770
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there are other factors such as 6 and AH_;;, controlling the phase selec-
tion in the alloys. Furthermore, in this study, under the minimization
of the effect of 6§ and AH,,;,, it was be evaluated that the characteristic
temperature for glass formation, especially T, drastically changes de-
pending on the alloy composition. Although 7"* continuously increases
from 1743 K for CZ2 to 2083 K for CZ10, T; decreases from 1258K for
CZ2 to 1107 K for CZ6 and then increases to 1498K for CZ10. There-
fore, CZ6 exhibits the largest relative decrease of melting temperature
(AT* :ATm/T;ﬁ”"X:OAl) and the highest GFA parameters (T,,, y and ¢
parameter), implying the longest onset time for the nose of C curve and
consequently has the lowest critical cooling rate in the series of CZ2 to
CZ10 [23,24]. As a result, it can be understood that S, is a crucial
design parameter for the glass formation. However, the precise contri-
butions of each design parameter for GFA is still uncertain, which merits
further investigation.

3.4. Structural response of CZ2 to CZ10 MGs

The structural stability of MGs with amorphous structure can be
quantified by calculating the fragility index (m). In general, stronger
the liquid (lower m), higher is the amorphous stability, which is re-
lated to the denser random packed structure and higher GFA [14]. The
more fragile MG (higher m) will allow local stress concentration to dis-
sipate quickly via formation of multiple shear bands, slowing down and
branching the shear band propagation thereby resulting in enhanced
ductility. In particular, m can be formulated with v (Poisson’s ratio) and
K/G (the ratio of bulk and shear moduli) in various glass-forming alloys:
v=-0.179+0.312 log m and v=0.22+0.27 log K/G [28].

The dynamic fragility (mdy,,) can be formulated as [29]

Mgy = [d log x/d (Tg/T)]T=Tg’ @

where x can be dynamic variables such as viscosity (#) and relaxation
time (7). It is important to note that the my,,, describes the rate of change
in the mass transport or relaxation properties such as 5, = and fluidity
at T, [14].

Based on this understanding, we carefully carried out mg,, calcula-
tion by analyzing the temperature dependence of r from CZ2 to CZ10
MGs to more precisely compare the structural change when S, in-
creases. Fig. 6 shows the variation of Ty as a function of In @ for CZ2 to
CZ10 MGs (here, ®=heating rate). By using Vogel-Fulcher-Tammann-
type function, the T, variation depending on ® can be formulated

Cz2 Cz4 Cz8 Cz10
(m,, =645) (m, =3738) (m,, =26.9) (m, =20.9)
1F ° > o o
° > o;’ °

@ °r
= ¥ 9 4 °
=z / / !
£

',"’InA =43, Tg0=681 .8, D=0.64

o @ ‘e ¢ InA=76,T =647.0, D=133
i , InA=3.1, T °=6512, D=0.21
o » 9 o InA = 2.5, T "=656.9, D=0.08
R 1 . 1 . 1 . 1 .
680 720 760 800 840
T, (K
g K

Fig. 6. Variation of T, as a function of In @ for CZ2 to CZ10 MGs.
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as [30-32]

TO
£ )

0 _
TO-T,

In®=InA+D-

Here, D and Tgo are obtained from the plot of In @ and T, respectively
[14]. Consequently, the dynamic fragility (m;y") can be formulated as
the following equation

M= DT T/ [m 107, - T;’)z]. ©)

In Fig. 6, In A, D and Tgo values are listed in their respective alloy
color scheme which were obtained by the best fit between In ® and
T, using Eq. (5). Here, the m;yn values (calculated for T, measured at
®= 20 K/min) of CZ2 to CZ10 MGs continuously decrease from 64.5 to
20.9 with an increase in the S;,,;, which means that CZ10 is a stronger
glass than CZ2. As mentioned earlier, it is well known that m of a glass-
forming liquid is closely linked to a fundamental property of the cor-
responding glass phase; GFA, Poisson’s ratio and elastic moduli (K/G)
[14]. However, interestingly, the linear trend between m and GFA does
not hold in the series of CZ2 to CZ10 MGs. Thus, it is necessary to con-
sider why these differences occur in the series of CZ2 to CZ10 MGs by
systematically checking other relevant property changes and through
detailed structural analysis.

3.5. Nano-indentation test of CZ2 to CZ10 MGs

During nanoindentation test, plastic shearing can be stabilized due
to the confinement from the surrounding material even in extremely
brittle MGs without any compressive plasticity. This behavior is very
useful for the analysis of the characteristics of the intermittent shear
avalanches (=pop-in events) during deformation in most MGs [33].
Fig. 7 shows the load versus displacement curves of as-spun CZ2 to CZ10
ribbons measured by nanoindentation test. The results show a system-
atic decrease in the maximum depths along the series from the binary
CZ2 MG to the denary CZ10 MG. The overall trend of the nanohardness
and the reduced Young’s modulus (E,) of the series from CZ2 to CZ10 is
shown to increase from 7.1 +0.2 to 10.8 + 0.3 GPa and from 89.4 +1.0
to 109.9 +2.5GPa, respectively. For MGs, the Vicker’s hardness (H,)
and the Young’s modulus (E) are reported to be directly correlated

8 |
6 |
=z
£
T 4+
4]
o
-
2 -
0
0 40 80 120 160
Depth (nm)
cz2 cz4 cz6 cz8 cz10
Nanohardness |, ;.,, 8.840.1 9003 | 10705 | 10.8:0.3
(GPa)
E, (GPa) 89.4:1.0 | 1046413 | 99.2:64 | 113285 | 109.9:25

Fig. 7. Load and displacement curves for CZ2 to CZ10 MGs. A table below lists
the nanohardness and the E,, respectively.
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Fig. 8. A graph showing nanohardness and E, for CZ2 to CZ10 MGs. The arrows
indicate the direction and magnitude of change in property value with respect
to the preceding MG enclosed within the boxes.

(H, = E/20) [34]. However, a close examination of the values reveals
an anomaly variation, which can clearly be observed by comparing the
values of CZ4 and CZ6 MGs as well as CZ8 and CZ10 MGs. Fig. 8 shows
the nanohardness and E, of as-spun CZ2 to CZ10 ribbons measured by
nanoindentation tests. To help visualize the differences in the tendency
of the nanohardness and E,, dotted lines and arrows were drawn in
Fig. 8. The arrows indicate the direction and magnitude of change in
property value with respect to the MGs enclosed within the boxes. The
nanohardness shows a monotonic increment pattern, whereas E, ex-
hibits alternating pattern with relative increment (A E“%4-¢72=15.2 GPa
and AEZ-CZ= 14GPa) and decrement(AEC%~CZ4= —5.4GPa and
AEC?10-CZ8 = _3 3 GPa) occurring consecutively. Thus, it can be recog-
nized that like GFA, the linear trend between m and elastic moduli does
not apply to the investigated alloys. A detailed analysis of anomalous
moduli variation will be discussed in Section 4.2.

4. Discussion
4.1. Influence of configuration entropy on the atomic-level structure

Using molecular dynamics simulations, it was demonstrated that the
different atomic correlations of atomic packing motifs/clusters in amor-
phous structure can be characterized by the second peak of the pair
distribution function (PDF) curve in MGs as well as in liquids [35]. In
general, a PDF plot shows the distribution profile around a central atom.
However, by normalizing the x-axis by r; (first peak position or aver-
age bond length), we can get the relative distribution profile that can
give us the information regarding the atomic-level structure. According
to Ding et al. [35], specific r/r; ratios, \/4_1 \/5 \/% and /2, repre-
sent the most probable relative distance between two second-nearest-
neighboring atoms in g(r) and those values correspond to 1, 2, 3, and 4
atom-connection of polyhedra, respectively. Through atomic-level struc-
ture simulation techniques, g(r) can clearly be decomposed for each of
the atomic-connection types. However, such simulation is difficult to be
applied in this study due to the multicomponent nature of the alloys.
Thus, we try to obtain g(r) from the total structure factor, S(Q) (Fig.
S2 in the Supplementary material) measured through high energy X-ray
scattering (XRS) study.

g(r) can be obtained by the Fourier transformation [36]

1

=1+
g(r) 22

Joo OLS(Q) — 1lsin(Qr)dQ O]

where pj is the average atomic number density. Fig. 9(a) shows the g(r)
normalized by r; of respective CZ2 to CZ10 MGs obtained from high
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energy XRS at the 6-ID-D beam line of the Advanced Photon Source, Ar-
gonne National Laboratory. Fig. S3 in the Supplementary material shows
g(r) normalized by r; of respective alloys obtained at the 5A beamline
of PAL, which exhibits similarity to those in Fig. 9(a). The detailed data
processing method for the pair distribution function, g(r) are described
elsewhere [36-38].

As shown in Fig. 9(a), the normalized PDF curves corresponding
to CZ2 and CZ4 MGs are very similar with each other and the high-
est position of the second peaks seem close to \/5 (related to the 2
atom-connection by sharing the edge of polyhedra). However, with
an increase in S,q, the position systematically shifts towards V8/3
(related to the 3 atom-connection by sharing a face of polyhedra)
and clearly separates to two sub-peaks from CZ6 to CZ10 MGs. Al-
though the exact atomic-level structure and the fractions for each of
the atomic-connections cannot be evaluated from Fig. 9(a), the near-
identical curves might suggest a similar overall atomic-level structure
of the corresponding MGs and the shift of the second peak might sug-
gest an increased fraction of 3 atom-connection for the MGs with higher
Scons- In other words, two neighboring coordination polyhedra in MGs
with higher S, prefer to connect to each other through face rather than
edge connection. Thus, the examined MGs can be classified into three
groups by main atomic-connection of polyhedra, 2-1 atom connections
for CZ2 and CZ4, 3-2 atom connections for CZ6 and CZ8, and 3-1 atom
connections for CZ10. In particular, it should be noted that the increased
fraction of 3-atom connections in CZ10 MG causes a large deviation of
polyhedra connectivity, which is related to the severe local structural ir-
regularity in the degree of disorder. On another note, the short-range or-
der in amorphous structure has also been identified via the common co-
ordination polyhedra (so-called atomic packing motifs/clusters) consti-
tuted by a center atom with surrounding neighboring atoms [35,39-41].
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Since the distance corresponding to the second peak in the PDF curve
of MGs is just beyond a layer above the packing of atoms in the nearest
neighbor shell constituting the cluster, the second-nearest neighbor cor-
relations might be a useful departure point for the characterization of
medium-range order in amorphous structure, which is closely related to
the local structural stability of an amorphous phase. Fig. 9(b) schemat-
ically shows the high S, condition developed through the addition of
principal elements in the present study that would give rise to a severe
local compositional complexity because of the higher probability of dif-
ferent element atom occupying a neighboring position (probability (P)
of 1/2 for a binary system, and P of 9/10 for a denary system as shown in
Fig. S4 in the Supplementary material) even though the atoms exhibit
similar § and AH;,. This in turn could severely distort the atomic clus-
ters owing to different chemical nature and bond lengths, possibly re-
stricting the connection of more atomic clusters with severe deviation of
polyhedra connections, which can be identified with a distinct separa-
tion of second sub-peak in Fig. 9(a). Thus, it can be understood that the
more severe local compositional complexity as well as structural irreg-
ularity in MGs with higher S, enhances the local structural instability
via distortion of the atomic clusters.

4.2. Anomalous moduli variation of HE-MG

Mechanical response is one of the efficient ways to understand the
structural changes in glass-forming alloys qualitatively [14]. In order
to better understand the anomalous results in Section 3.5, the Young’s
moduli of the MGs were calculated using the equation proposed by Wang
[42],

1 1
L3 ()

i

where M is the elastic constant of the MG, f; is the fraction of element
i, and M; is the elastic constant of the element i [43]. The calculated
moduli (E and G) and measured E are listed in Table 4. To further scru-
tinize the difference between the experimental and the calculated elastic
moduli, E, was converted to E using the relation given below [44],
2 2

1 _ (=) (1-9) o
E E E;

r i

where E; is the E of the indenter, v; is the v of the indenter. Since a dia-
mond indenter was used, the values of E; and v; were taken as 1141 GPa
and 0.07, respectively. The conversion was done by considering the Pois-
son’s ratio of the MGs as 0.34, an average value of 83 compositions from
the supplementary of Ref. [45], except for CZ2 MG whose Poisson’s ratio
was already reported as 0.36 [42]. The converted E values from mea-
sured E, are also listed in Table 4 as measured E.

Fig. 10(a) shows the variation of calculated moduli (E and G) for CZ2
to CZ10. First, it can be noticed that the variation of calculated moduli
is similar with that of the measured moduli in Fig. 8. Furthermore, the
tendency of outward increment is similar to that of the nanohardness,
i.e., the calculated Young’s moduli and shear moduli monotonically in-
crease. Since the overall property of the MGs is primarily influenced by
the constituent elements, the enhancement of nanohardness and Young’s
modulus in the examined MGs with higher S, seems reasonable due
to the substitution of pre-constituent elements with elements possessing
better inherent mechanical properties. However, as shown in Fig. 10(b),

Table 4
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Fig. 10. Plots showing (a) calculated G and E, and (b) calculated and measured
E for CZ2 to CZ10 MGs. The arrows indicate the direction and magnitude of
change in property value with respect to the preceding MG enclosed within the
boxes. In (b), the grey dotted and the solid lines represent the linear fits of the
calculated and measured E, respectively.

the difference between the calculated and the measured E values for CZ2
MG is 5.0 +1.0 GPa, which keeps increasing up to 22.8 + 2.7 GPa for
CZ10 MG. In other words, as S, of the system increases in the series
of CZ2 to CZ10 MGs, the alloy with higher S, seems to exhibit lower
Young’s modulus values compared to the predicted values which have
been derived solely from the elemental modulus values. Eq. (8) is based
on the previous observation that the elastic properties of MGs are corre-
lated to the weighted average of the elastic constants of the constituent
elements [34,46,47]. The deviation of the calculated and the measured
E in high-entropy MGs (HE-MGs) implies the loss of the inheritance in
HE-MGs, which could be an inevitable effect of MGs with high Sy
Two approaches are conceivable for explaining the deviation of moduli
of HE-MGs. First, the total number of the bonds between the same ele-
ments may decrease with increasing Scons. As schematically described in
Fig. S4, a bonding forms between two atoms, and the fraction of the
like-like atom bonding (such as A-A, B-B) is inversely proportional
to the number of principal elements (and hence, S,,0). For example,

Calculated moduli (E and G), measured E, «, and S, for CZ2 to CZ10 MGs.

Alloy notation Calculated E (GPa) Calculated G (GPa) Measured E (GPa) K S,

Cz2 89.3 39.1 84.3+1.0 146  0.0202
Cz4 111.1 46.0 101.8+1.4 148 0.0254
CzZ6 1144 46.8 96.1+7.0 145 0.0419
CZ8 128.0 51.4 111.2+94 1.36  0.0390
CZ10 130.3 51.5 107.5+2.7 1.55 0.0625
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the portion of the like-like atom bonding in Fig. S4 is only 10% in the
equiatomic denary MG, while it is 50% in the equiatomic binary MG.
It is well known that the solvent-solvent bonded cluster, here like-like
atom bonded cluster, provides the weakest junction in MGs, where the
elastic deformation mainly occurs [46,48], which is the physical origin
of the inheritance of mechanical properties mentioned above (Eq. (8)).
This means that the portion of like-like atom bonded cluster for the
inheritance decreases with increasing S;,,;, which may lead to the de-
viation in Fig. 10(b). Therefore, although the overall property may fol-
low the trend of the constituent elements, HE-MGs may exhibit anoma-
lous properties due to the loss of inheritance. Second, Cheng and Ma
[49] have shown that the elastic modulus of MGs depends sensitively on
the internal amorphous structure, which is strongly influenced by the
degree of local structural ordering. In the reference, higher Sy, con-
dition (achieved via faster cooling rate) locally decreases the fraction
and connectivity of icosahedra, ultimately lowering the shear modulus.
Hence, it can be understood that the anomalous moduli variation occurs
with increasing Soq, especially in HE-MGs due to the aforementioned
enhanced distortion of the atomic clusters.

4.3. Abnormal deformation dynamics of HE-MGs

Similar to the slip avalanche in crystalline materials [50], shear
banding behavior leads to an intermittent shear avalanche phenomenon
in MGs which is related to the elastic properties [51] and the inho-
mogeneities [47] in MGs. Shear bands initiate and propagate by elas-
tic coupling of shear transformation zones (STZs) that correspond to
the spatio-temporally occurring shear avalanches [52], ultimately gen-
erating the pop-ins. It has been reported in other previous studies
[52-56] that the characterization of plastic deformation can be achieved
by statistical analysis of the strain burst sizes (S). Under nanoindenta-
tion test, strain bursts (= pop-in events) can occur by constrained shear
localization within the self-organized criticality (SOC) or the formation
of shear bands beyond SOC [57]. The former events (=smaller pop-ins)
follow the power-law distribution, whereas the latter events (=larger
pop-ins) generate the truncation, when we plot the cumulative prob-
ability distribution of strain burst sizes (P(>S)) [56]. Thus, it can be
noticed that P(>S) in MGs has been described by a truncated power-law
function, and explained by means of the formation and percolation of
deformation units during deformation [52-56]. Inspired by these inves-
tigations, statistical analysis of shear avalanches has been carried out
with pop-ins collected from the processed nanoindentation data to ob-
serve the changes in the characteristic behavior of CZ2 to CZ10 MGs.
For the data processing, we first eliminated the effect of addition gener-
ated from the increment of indentation depth (h) in the pop-in events by
subtraction of the baseline, which can be obtained by fitting the load-
displacement curves using a second degree polynomial function. As a
result, the pop-in size (Ah) reflects the depth drop of shear band for-
mation and propagation. Fig. 11(a), (c) and (e) shows the correlation
between the subtracted depth (Ah, = h,,, — h/;,) and h for single inden-
tation of CZ2, CZ6 and CZ10 MGs, respectively. The results indicate a
simultaneous occurrence of reduction in the number and the increment
in the magnitude of Ah for a single indentation performed as the MGs
possess higher Sy In corollary, the increasing Ah occurring over a
wide range of depths along the series can easily be seen by comparing
the Ah versus h plots for multiple indentations in Fig. 11(b), (d), and
(f). This change in the mechanical response is due to the transition from
unjamming to jamming state of concordant regions in this series of MGs.

After the calculation of strain burst sizes (S = Ah/h), P(>S) was used
to fit the distribution to the following empirical relation [53],

PG> S) = AS_(K_I)exp(—(S/SC)2> (10)

where S, is the cut-off strain burst size, « is a scaling exponent, and A is a
normalization constant. Fig. 12 shows P(>S) for CZ2 to CZ10 MGs along
with the correspondingly colored power-law fitted solid lines and S,
indicated by the arrow heads, which exhibit power-law scaling behavior
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Fig. 12. Cumulative probability distributions of strain burst sizes of the CZ2
to CZ10 MGs. Solid scattering points represent experimental results measured
from the nanoindentation and solid lines are the fitting curves by Eq. (10). The
arrow heads mark the corresponding S..

within SOC, and truncation beyond SOC. The aspects of SOC transition
have been statistically characterized by truncated power-law equations
and/or maximum-likelihood exponent methods [58,59]. Table 4 lists
x and S, values of CZ2 to CZ10 MGs. It was reported that a system
that exhibits SOC behavior more dominantly will possess larger S.. On
the contrary, a system that shows relatively chaotic shear avalanche
behavior possesses smaller S.. As it can be observed, S, steadily increases
in the series of CZ2 to CZ10 MGs from 0.0202 for CZ2 MG, to 0.0419 for
CZ6 MG, and finally to 0.0625 for CZ10 MG, indicating relative chaotic
to SOC behavior transition with increasing S;,p- It should be noted that
the cluster connections by face-sharing, 3 atom-connection of cluster
polyhedra show the stiffest elastic response during deformation [35].
Thus, the S, variation from CZ2 to CZ10 can be reasonably understood
by the atomic-level structure variation.

Fig. 13(a)-(e) shows the histograms obtained from the nanoinden-
tation tests in the series of the MGs (a) CZ2, (b) CZ4, (c) CZ6, (d) CZ8,
and (d) CZ10. The dotted lines signify the respective S, whereas the solid
curves represent the strain burst size distribution profiles obtained from
the power-law fittings. It can clearly be understood that the large strain
burst sizes occur for HE-MGs which coincide well with the higher S, val-
ues. Furthermore, the analogous slip avalanche behavior of (CZ2, CZ4)
and (CZ6, CZ8) and the subsequent small difference of corresponding S,
values (ASEZ4=C22 = 0.0052 and ASEZ8-CZ6 = —0.0029) could be caused
by the similarity of the overall atomic-level structure as shown in nor-
malized g(r) of Fig. 9(a). Fig. 13(f) shows « and S, values obtained from
the fitting of cumulative probability distribution using Eq. (10). The x
values are within the range of 1.46+0.1, which are close to the mean
field value of 1.5 [60], an evidence of randomly packed amorphous
state. Previous studies reported higher S, values for harder MGs [14,52].
This is reasonable since harder MGs are able to withstand harsher stress
condition and maintain the SOC behavior, resulting in higher S, values.
Indeed, even in this work, harder MGs showed higher S_ values as re-
ported. However, considering the similar overall atomic-level structure
of CZ2 and CZ4 MGs and CZ6 and CZ8 MGs and the relatively large dif-
ference in nanohardness between them (Ananoharndess©%4~C%2 = 1.7 GPa
and Ananoharndess®?8-C%% = 1.7 GPa), the change in S, is abnormally
small, indicating a low rate of increment of S.. In detail, the severe lo-
cal structural irregularity and the compositional complexity in MG with
higher S, seems to influence the S, by promoting the manifestation of
relatively chaotic behavior due to the aforementioned enhanced distor-
tion of the atomic clusters, which results in the unexpected local soften-
ing by weakened jammed state of STZs, and ultimately modulating the
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Fig. 13. (a)—(e) histograms collected from the series of nanoindentation test with the MGs (a) CZ2, (b) CZ4, (c) CZ6, (d) CZ8, and (d) CZ10. The bin size for S in
histogram is 10-3. (f) x and S, values obtained from the fitting of cumulative probability distribution using Eq. (10). The x values are within the range of 1.46+0.1,

which are close to the mean field value of 1.5.

response towards ductile mechanical deformation. Thus, an effective al-
loy design utilizing the influence of S, to tune the properties could
be applied to develop MGs possessing adequate GFA and considerable
ductility, which merits further investigation for identifying more precise
contribution of each term.

5. Conclusions

Our study highlights the influence of S ,,r on mechanical responses
as well as GFA in a series of equiatomic binary CZ2 to denary CZ10
MGs under minimization of the effect of 6 and AH,;. The higher S,
in this study causes improved overall amorphous phase stability (in-
creased fraction of 3-atom connections in cluster polyhedral and lower
m), but, simultaneously, increased the severe local structural instabil-
ity (increased deviation of polyhedra connectivity and decreased like-

like atom bonding probability), which results in anomalous GFA and
mechanical responses (elastic moduli and deformation dynamics). First,
the senary CZ6 with medium S, of 1.79R exhibits maximum GFA in
CZ2 to CZ10, which means that higher S, by itself is not a sufficient
condition for higher GFA, although it might be a major design param-
eter according to the confusion principle. CZ6 exhibits the largest rel-
ative decrease of melting temperature (AT* =0.41) and highest GFA
parameters (T,, = 0.623, y =0.425 and £=0.856), which is related to
the longest onset time for the nose of C curve and consequently has the
lowest critical cooling rate within the series of investigated MGs. Sec-
ond, the overall trend of nanohardness and E from CZ2 to CZ10 MGs is
shown to outwardly increase which is dominantly due to the increased
3-atom connections of cluster polyhedra as well as lower m. However,
if we carefully analyze, the linear trend between m and elastic moduli
does not apply in CZ2 to CZ10 MGs, i.e., the increment and decrement
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alternate for the values of E, and lowering of measured E with widening
deviation from calculated E occur. In particular, considering the similar
overall atomic-level structure of CZ2 and CZ4 MGs and CZ6 and CZ8
MGs and the relatively large difference in nanohardness between them
(about 1.7 GPa), the change in S, is abnormally small, indicating a low
rate of increment of S,.. These results help us conclude that the severe
local compositional complexity (calculated by like-like atom bonding
probability) and the structural irregularity (observed by increased devi-
ation of polyhedra connectivity) in MGs with higher S_,,s promotes the
manifestation of relatively chaotic behavior as well as the loss of MG’s
property inheritance, which results in the unexpected local softening of
amorphous phase, and ultimately modulating the response towards duc-
tile deformation. Hence, it can be concluded that S, could be one of
the crucial factors that should be considered while designing an MG in
order to tune the vital properties for engineering applications.
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