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Abstract

In this work, a series of Co-based ternary Co—Er—B bulk metallic glasses (BMGs) with excellent soft magnetic properties
and high strength were developed, and the local atomic structure of a typical Co,; sEr; sB,5 metallic glass was studied
through in situ high-energy synchrotron X-ray diffraction and ab initio molecular dynamics simulations. The results reveal
that the BMG samples can be obtained in a composition region of Cogg 57, sEr3 5 4Bys_»7 5 by a conventional copper-mold
casting method. The Co—Er-B metallic glasses possess stronger atomic bond strengths and denser local atomic packing
structure composed of a higher fraction of icosahedral-like clusters but fewer deformed body-centered cubic and crystal-like
polyhedrons, and they exhibit slower atomic diffusion behaviors during solidification, as compared to Co—Y-B counterparts.
The enhancement in structural stability and the retardation of atomic-ordered diffusion lead to the better glass-forming
ability of the Co—Er-B alloys. The smaller magnetic anisotropy energy in the Co—Er—B metallic glasses results in a lower
coercivity of less than 1.3 A/m. The Co—Er-B BMGs exhibit high-yield strength of 3560-3969 MPa along with distinct
plasticity of around 0.50%.

Keywords Co-based bulk metallic glass - Glass-forming ability - Soft magnetic property - Ab initio molecular dynamics

simulation - Local atomic structure

1 Introduction

Since Duwez first prepared Au—Si amorphous alloys by
melt quenching in 1960 [1], such materials with a dis-
tinctive structure have captivated people’s attention. The
long-range disordered atomic arrangement inherent in the
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amorphous alloys (or called metallic glasses) gives them
unique mechanical, physical, and chemical properties that
cannot be achieved in crystalline counterparts [2—4]. The
early developed metallic glasses commonly exist in the
forms of ribbons, wires, or films due to their low glass-form-
ing ability (GFA) [5]. Through rational compositional design
strategies, such as Inoue’ three empirical rules [2], eutectic
criteria [6], minor alloying [7], and so forth, the GFA of the
alloys gets enhanced, and the glassy samples in bulk form
have been successively discovered. Bulk metallic glasses
(BMGs), typically defined for the alloys with a critical sam-
ple size of > 1 mm, have been developed in Pd/Pt-based [8,
9], Zr/Ti/Cu-based [10-12], Mg/Ca/Ce/La-based [13-16],
and Fe/Co/Ni-based [17-19] alloy systems. Although multi-
component-alloyed alloys might possess higher GFA, it is
important and valuable to develop binary or ternary BMGs.
The long-range disorder atomic structure characteristic of
the BMGs makes it challenging to analyze structural infor-
mation, crucial for comprehending glass formation, while
the BMGs with fewer types of components might offer
convenience. For instance, the local atomic structure of the
binary/ternary BMGs [20] can be analyzed through both

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s40195-024-01722-z&domain=pdf
http://link.springer.com/journal/40195

1634

J.Luetal.

experiments and simulations; nevertheless, the complexity
dramatically increases when dealing with multi-component
BMGs [21]. In addition, the binary or ternary BMGs can
also serve as base alloys for developing BMGs with further
enhanced GFA and other properties.

The Co-based BMGs can be roughly divided into two
categories: One category possesses ultrahigh strength. For
example, Co-based Co—Ta-B ternary BMGs possess fracture
strength of over 6000 MPa, setting the highest record among
all bulk alloys [22]. The other category exhibits excellent
soft magnetic properties. Compared to Fe-based metallic
glasses, the Co-based metallic glasses typically exhibit
lower coercivity (H,), higher permeability, and near zero
saturation magnetostriction coefficient (4,), which make
them more suitable for high-frequency applications. For
example, Co-based Co—Y—B metallic glasses [23] possess
lower H, than Fe-based Fe—Y—B metallic glasses [24]. An
amorphous Co-based Co—Fe-Si—B—Cr alloy has much
lower A, and H_ than amorphous Fe-Ni-Si—B—C alloys
[25]. In addition, the Co-based metallic glasses exhibit
better corrosion resistance than the Fe-based alloys [26].
However, due to that the Co-based alloys suffer from weaker
GFA than the Fe-based alloys, the Co-based BMGs usually
feature low Co contents and/or composed of four or more
elements with complex compositions. The low Co contents
reduce ferromagnetic characteristic, and hence, most of the
soft magnetic Co-based BMGs are multi-component with
alloying Fe. The reported soft magnetic Co-based BMGs
are typically found in Co-Fe-TM-B (TM: Transition
Metal) [27, 28], Co—(Fe)-RE—(TM)-B (RE: Rare Earth)
[23, 29], Co-Fe-TM-Si-B [30], Co—(Fe)-TM-P-B [31,
32], and Co—-Fe-B-Si-P [33] systems. Although the B, of
the Co-based BMGs can be enhanced by alloying Fe, the 4
is increased inevitably [29]. The binary or ternary Fe-free
Co-based BMGs with soft magnetic properties have not been
reported yet.

The GFA and thermal/mechanical/magnetic properties
of the metallic glasses are closely correlated to their local
atomic structure. Through ab initio molecular dynamics
(AIMD) simulations, Jiang et al. studied the structure of
Co-based Co—(P, C, B) amorphous alloys and found that the
alloy with stronger atomic bonding and more icosahedral-
like (ico-like) polyhedrons exhibits higher GFA [34]. Han
et al. found that alloying an appropriate amount of Y into a
Fe-based Fe-B alloy increases the fraction of stable atomic
local packing and suppresses the formation of deformed
body centered cubic (bcc) clusters, leading to enhanced
GFA [35]. It is anticipated that alloying RE elements having
strong chemical affinities with the constituents into Co-based
Co-B alloys might generate more significant effect on
enhancing GFA, benefiting from the potential improvements
in structural stability and atomic packing density. We have
confirmed that minor alloying Y into a Co,5B,5 alloy
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indeed improves the GFA and magnetic softness; however,
obtaining the BMG samples remains a challenge [23]. In
this work, a RE element Er was selected to add in the Co-B
alloy due to its more negative mixing enthalpies with Co or
B compared to other RE elements [36], and the GFA and
thermal, magnetic, and mechanical properties of ternary
Co-Er-B alloys were studied. Combining in situ high-
energy synchrotron X-ray diffraction (HEXRD) with AIMD
simulations, the local atomic structure of a Co,; sEr; sB,s
BMG was analyzed. For comparison, the GFA and thermal
and magnetic properties of Co;; sRE; sB,5 (RE=Y, Sm, Gd)
alloys were investigated, and the local atomic structure of
a Coy; 5Y; 5B,5 counterpart was also studied to clarify the
underlying reason of the different GFAs.

2 Materials and Methods
2.1 Experimental Procedure

Master alloy ingots with nominal compositions of
Cogy 5.78E1r5_sBag 305 and Coy; sRE; sB,s (RE=Y, Sm, Gd)
were prepared by arc melting the mixtures of Co (99.98
wt%), RE (99.9 wt%), and B (99.5 wt%) under an argon
atmosphere. The alloy ingots were re-melted four times
to ensure chemical homogeneity. Alloy ribbons with a
thickness of 20 pm and width of 1.5 mm were produced by
melt spinning, and cylindrical rods with diameters of 1.0
and 1.5 mm, respectively, and a length of around 20 mm
were prepared by copper-mold casting under the argon
atmosphere. Structure of the samples was characterized
by X-ray diffraction (XRD, Bruker D8 Focus) with Cu—Ka
radiation and transmission electron microscopy (TEM,
JEOL JEM-2010). A cross-section of the as-cast rods was
etched and subsequently observed by optical microscopy
(OM, Zeiss Primotech). The largest diameter of the XRD-
detected glassy rod sample was determined as the critical
diameter for glass formation (d,). When the d. was less than
1.0 mm, series of alloy ribbons with a thickness interval of
20 pm were produced, and the largest thickness of the glassy
ribbons was set as the critical thickness for glass formation
(t.). The in situ HEXRD experiments at room temperature
(300 K) were conducted using the beam line 11-ID-C in the
advanced photon source (APS), Argonne national laboratory
(ANL), USA, to analyze the local atomic structure. The
photon energy was 105.1 keV corresponding to an X-ray
wavelength of 0.11798 A, and the beam size was 0.5x0.5
mm?. The resultant 2D image files were integrated using the
Fit2D program to obtain 1D intensity distributions /(g) as a
function of the wavevector ¢ [37], from which the S(g) and
the G(r) were derived using the PDFgetX2 program [38].
Glass transition temperature (Tg) and the onset temperature
of crystallization (T,) of the metallic glasses were detected
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by differential scanning calorimetry (DSC, TA Ins. Q20)
at a heating rate of 0.67 K/s. Liquidus temperature (7))
was measured by a differential thermal analyzer (DTA, TA
Ins. SDT650) under a heating rate of 0.33 K/s. Saturation
magnetic flux density (B,) and H, were measured by a
vibrating sample magnetometer (VSM, LakeShore-7400S)
under a maximum applied field of 750 kA/m, and DC B-H
loop tracer (Linkjoin MATS-2010SD), respectively. Before
the magnetic properties measurements, the ribbons were
vacuum-annealed for 300 s at temperatures of (7,—60)
K to release internal stress. Mechanical properties of the
BMGs were examined by uniaxial compressive testing
using an Instron 5582 mechanical testing machine. The
gauge dimension of specimens was 1.0 mm in diameter and
2.0 mm in height, and strain rate was fixed as 5x 107 s71.
The lateral and fracture morphology of the compressed
specimens was observed by scanning electron microscopy
(SEM, JEOL IT-5600LV). Mass densities of the metallic
glasses were determined by an Archimedes method.

2.2 AIMD Simulations

AIMD simulations for Co,; sRE; sB,5 (RE=Er, Y) metallic
glasses were performed based on density functional theory
(DFT) by using the Vienna Ab initio Simulation package
[39], combined with canonical NVT ensemble and Nosé
thermostat [40]. The cubic simulation boxes with periodic
boundary conditions contain 200 atoms, and the box size
was determined by the experimental mass densities of the
alloys at room temperature. Only the I” point was adopted
for the Brillouin zone sampling. All alloys were melted and
equilibrated at 3000 K for 5000 AIMD steps to remove the
memory from the initial configurations, after being relaxed
for 10 ps, the alloys were sequentially quenched to 2000,
1500, 1100, 800, and 300 K, respectively, at a cooling rate

of 1.67x 10" K/s to produce glassy structure. At each
temperature, the equilibrium volume of the supercell was
relaxed by approximately keeping the average internal
pressure at=+ 0.5 kBar, and the last 2000 configurations
were used for statistical sampling. Pair distribution functions
(PDFs) [41] and Voronoi tessellation analysis [42] were
conducted by using VMD and OVITO software packages,
respectively.

3 Results and Discussion

3.1 GFA and Thermal Stability

Figure la illustrates the compositional dependence of the
GFA in Co-based ternary Co—Er—B alloys. The alloys within
a Cogg 57 sEr3 5_4Bys_p7 s region (highlighted in orange) pos-
sess a d, of 1.0 mm, indicating the formation of the BMGs,
while the remaining alloys exhibit a lower GFA with d_
values below 1.0 mm. Figure 1b illustrates the XRD pat-
terns of as-cast BMG rods. All exhibit a broad diffraction
feature suggesting a single glassy phase. The inset-shown
Co, 5sEr; sB,5 rod sample displays a smooth and lustrous
outer surface, which is typical appearance of the BMGs.
The homogeneous optical morphology of the transverse
cross-section (Fig. 1b(i)) and bright-field TEM image along
with a diffuse selected-area electron diffraction (SAED) halo
(Fig. 1b(ii)) further confirm the glassy structure in the entire
Coy, sEr; sB,5 BMG.

The DSC curves of the Co—Er—B BMGs all exhibit a dis-
tinct endothermic event corresponding to glass transition,
followed by a supercooled liquid region and exothermic
reactions caused by crystallization (Fig. 2a). The T, and
T, roughly increase with lowering the Co content, rang-
ing in 807-855 K and 832-882 K, respectively. The AT,
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Fig. 1 a Compositional dependence of GFA in Co-based Co—Er—B metallic glasses and b XRD patterns of as-cast Co—Er—-B BMG rods with a
diameter of 1.0 mm inset with outer appearance, i cross-sectional optical morphology, and ii bright-field TEM image along with SAED pattern

of a Coy, sEr; sB,s BMG
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Fig.2 a DSC and b DTA curves of Co-based Co—Er-B metallic glasses

(=T,—T,) fluctuates within 25-30 K. After detecting the
T, of the alloys in DTA curves (Fig. 2b), a GFA evaluat-
ing parameter T, (=7,/T)) [6] was calculated, which ranges
in 0.561-0.582. The XRD patterns and DSC curves of
Co;, 5sRE; sB,5s (RE=Y, Sm, Gd) counterpart alloys can be
seen in Fig. S1 (Supplementary Materials). The T, AT, T},
T,, and d_ (or 1) of the Co—Er-B BMGs and Coy, sRE; 5B,
(RE=Y, Sm, Gd) metallic glasses are listed in Table 1. It is
seen that the GFA of the Co;; sRE; sB,5 (RE=Y, Sm, Gd)
alloys is inferior (t,=0.06-0.24 mm), and their Trg values are
also lower than those of the Co—Er—B BMGs. As estimated
from T"=10/R? [43], where T (in K/s) is critical cooling rate
for glass formation, and R (in cm) refers to d,, or ¢, the T of
the Co—Er-B alloys is of the order of 103 K/s, much smaller
than 10*-10° K/s for the Co,, sRE; sB,s (RE=Y, Sm, Gd)
alloys.

3.2 Local Atomic Structures
The experimental results demonstrate that the Co-Er—B

alloys have higher GFA than the Co-RE-B (RE=Y,
Sm, Gd) counterparts. The local atomic structures of the
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Cos, sRE; sB,s (RE=Er, Y) metallic glasses were studied to
elaborate the mechanism behind it. The /(g) of the two alloys
obtained from the HEXRD tests are plotted in Fig. S2 (Sup-
plementary Materials), and the deduced structure factors
S(q) are displayed in Fig. 3a, where the simulated results are
also shown for comparison. The diffuse HEXRD synchro-
tron patterns (insets in Fig. 3a) confirm the amorphous fea-
ture of the two alloys. The shape and position of each peak
in the simulated S(g) essentially align with the experimental
results, revealing that the simulations can provide relatively
accurate local atomic structures. The principle peaks in S(g)
are located at 3.19 and 3.09 A~" for the Co,,5Y;5B,5 and
Co,, 5Er; sB,5 alloys, respectively. Reduced total pair distri-
bution function G(r) transformed from the HEXRD results
are shown in Fig. 3b. Upon examining the partially enlarged
G(r) curves near the first main peak, it is evident that the
peak position of the Co; sEr; sB,5 metallic glass is 2.49 A,
smaller than 2.52 A for the Co;, 5Y; 5B,s, indicating that the
Er-bearing alloy possesses a higher atomic packing density
as compared to the Y-containing alloy.

The simulated PDFs, coordination numbers (CNs), and
chemical short-range order of the Co,; sRE; sB,s (RE=Er,

Table 1 Tg, AT,, T, Trg, d,ort, Alloys Tg (K) AT, (K)

c? s?

CO—RE—B (RE:EI', Y, Sm, Gd) Co71.5Er345B25 807 25
metallic glasses C07,Er,Bos 336 30
CoyoEr,B,g 841 30
CogoEr; sByy s 850 25
CoggsEryByys 855 27
Co; 5Y35Bys 822 33
Co;; sSm;sB,s 821 24
Co;, 5Gd;sB,s 822 25

H_,B oy and & of Co-based

(K T, d./t,(mm) H, (A/m) B,(T) o, (MPa) e, (%)
1438 0.561 1.0 1.3 0.68 3560 0.12
1439 0581 1.0 1.2 0.65 3821 0.50
1452 0579 1.0 1.2 0.61 3875 0.32
1486 0572 1.0 1.3 0.56 3754 0.16
1469  0.582 1.0 1.3 0.53 3969 0.17
1472 0558 0.24 15 073 - -
1556 0.528 0.06 2.9 071 - -
1525  0.540 0.08 2.0 062 - -
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Fig.3 a S(g) curves of Co,; sRE; sB,s (RE=Er, Y) metallic glasses at 300 K obtained by HEXRD tests and AIMD simulations inset with syn-
chrotron patterns and b partially enlarged G(r) curves transformed from the HEXRD results of the alloys inset with total G(r)

Y) metallic glasses were further analyzed to reflect the inter-
actions and chemical affinities between different types of
atoms. The PDFs g(r), which describe the probability of
finding another atom at a certain distance (r) from the cho-
sen atom, provide the atomic short-range ordering (SRO)
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ri A

of the metallic glasses [41]. Figure 4 shows the partial and
total PDFs of different atomic pairs, and the positions of
the first peak in g(r) curves representing the bond lengths
of the atomic pairs are marked. The bond lengths of Co—-B
and Co—Co pairs are 2.04 and 2.45 A, respectively, which
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Fig.4 Partial PDFs of a Co-B, Co—Co, and B-B, and b B-RE, Co—RE, and RE-RE pairs in Co;; sRE; sB,5 (RE=Er, Y) metallic glasses at

300 K. Inset in a shows total PDF of the two alloys
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correspond to the positions of the two sub-peaks in the first
peak of the total PDFs (Inset in Fig. 4a), indicating that the
SRO structures of the two alloys are mainly composed of
metal-metalloid-type Co—B bond and metal-metal-type
Co—Co bond. Although the bond lengths of Co-B, Co-RE,
and Co—Co pairs are the same in the two alloys: the bond
lengths of B-RE, B-B, and RE-RE in the Co;; sEr; sB,;
alloy are all shorter than those in the Co;; 5Y; sB,5. The
shorter bond lengths suggest a higher level of compact pack-
ing of the atoms. The total CNs were calculated by summing
the partial CNs, which were determined by integrating over
the first peak of the respective partial PDF g(r) [41]. The
calculated total CNs of Co, RE, and B atoms in the two
alloys are quite similar, which are around 13, 21, and 9,
respectively (Fig. 5a). Warren—Cowley parameters reveal
that the chemical affinities between each atom pair in the
Co,, 5Er; sB,s alloy are stronger than Co,; 5Y; sB,s (Fig. 5b).
Noting that the reductions of the Warren—Cowley param-
eters for the B-RE, RE-RE, and B-B atom pairs are more
significant than those of the Co—B and Co—Co pairs, which
is consistent with the shortened bond lengths. The findings
demonstrate that the Er-bearing metallic glass possesses
a more densely packed structure and strengthened atomic
interactions as compared to the Y-bearing alloy, arising from
the crucial role of the Er element [44].

Voronoi polyhedron (VP) analysis was conducted to study
the local atomic packing of the Co;; sRE; sB,s (RE=Er,
Y) metallic glasses. The VP can be indexed as < ns, ny, ns,
ne>to describe the arrangements of the nearest-neighbor
atoms around the center atom, where n; represents the
number of i-edge faces on the VP [45]. Figure 6a and b
shows the major VPs centered by Co and B atoms in the
two alloys, respectively. The two alloys have similar con-
figurations of the main VPs, i.e., the VPs centered by Co

(@) | 300k  BRNes Nees ZNes
30k N Neo.re Nrere SN\ Np.ge
m NCo-Co m NRE-Co NB-Co
» SUM =N, SUM =Nge SUM = Ny
3
e 21.85
=]
Zz 20}
c
§e]
©
c
._é
[o]
8 10 8.61
0

Co74.5Er35B2s Co715Y35B2s

atom are composed of ico-like (<0, 1, 10, 2>,<0, 0, 12,
0>,<0,1,10,3>,<0, 1, 10, 4>) and deformed bcc (<0,
3,6,4>,<0, 3, 6, 5>) polyhedrons, while those centered by
B atom are mainly trigonal prisms (TP) (<0, 3, 6, 0>,<0,
2,8,0>,<0, 3, 6, 1>) and crystal-like structures (<0, 4, 4,
0>,<0,4,4,1>). As determined from the fractions of the
VPs, both the alloys are dominated by B-centered TP-type
clusters (>50%). It should be noted that the Co;; sEr; 5B,
alloy contains a significantly higher fraction of ico-like
clusters but fewer deformed bcc and crystal-like VPs, as
compared to the Co;; 5Y; 5B,5. The ico-like cluster, char-
acterized by fivefold symmetry, is favorable for amorphous
formation due to its incompatibility with periodic arrange-
ment [46]. In contrast, the deformed-bcc and crystal-like
VPs exhibit crystal symmetry, making them more prone to
transforming into crystalline phases and hindering the for-
mation of the amorphous phase [47, 48]. Consequently, the
Coy, 5sEr; sB,5 alloy with more ico-like clusters and fewer
deformed-bcc and crystal-like VPs exhibits superior GFA
than the Coy; 5Y5 5Bys.

3.3 Dynamics Behaviors

Time-dependent mean square displacement (MSD) was cal-
culated to study the dynamic behaviors of the Co;; sRE; B,
(RE=Y, Er) alloys at different temperatures. According to
Einstein’s diffusion equation, a smaller slope of the MSD
curve indicates a lower diffusivity of the atoms [46]. Fig-
ure 7a presents the MSD curves versus time of the two alloys
at different temperatures. As the temperature decreases, the
slopes of the curves monotonically decrease, indicating a
gradual increase in viscosity and a simultaneous reduction
in atomic diffusion coefficient of the alloys. Below 1100 K,
it is hardly to observe long-range diffusion behavior. Noting

2.0
(b) 300 K % Aco-Co Aco-RE
15+ Aco-8 ARERE
O RE Os8
1.0 F

0.786
0.621

-0.021 %
%mu

-0.788

0.5

0.0

-0.5

1.0

Warren-Cowley parameters

-1.5

Co745Er55B2s Co715Y35B2s

Fig.5 a Coordination numbers of Co, RE, and B atoms and b Warren-Cowley parameters between Co, RE, and B atom pairs in Co;; sRE; sB,s

(RE=Er, Y) metallic glasses at 300 K
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Fig.6 Fractions of major VPs centered by a Co and b B atoms of Co,; sRE; sB,5 (RE=Er, Y) metallic glasses at 300 K inset with typical VP
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Fig.7 a MSD curves of Co;; sRE; sB,5 (RE=Er, Y) alloys at 800-3000 K and b corresponding partially enlarged curves at 800 K and 1100 K

that the slopes for the Co,; sEr; sB,s alloy are consistently
smaller than those for the Co;, 5Y; sB,5 alloy throughout
the entire cooling process (Fig. 7a and b). The MSD results
suggest that the Co, sEr; sB,5 alloy has higher alloy melt
viscosity and lower atomic diffusion capacity, which are
consistent with its stronger bond strengths and denser local
atomic packing structure. These can hinder the long-range
diffusion of atoms during solidification and lead to a decel-
eration of crystallization, corresponding to its better GFA.

3.4 Magnetic and Mechanical Properties

The static magnetic properties tests reveal that the Co—Er-B
metallic glasses exhibit a typical soft magnetic characteristic

with quite low H_ values of around 1.3 A/m, and the B, grad-
ually decreases from 0.68 to 0.53 T with the enrichment of
non-magnetic B and Er. The detailed values of the Co—Er—B
alloys along with the data for Co;; sRE; sB,s (RE=Y, Sm,
Gd) alloys are listed in Table 1. Figure 8a compares the
hysteresis loops inset with partially enlarged B-H curves
near zero applied field of the Co,, sRE; sB,5 (RE=Er, Y)
metallic glasses. The hysteresis loops of the Co;; sRE; 5B,
(RE=Y, Sm, Gd) metallic glasses can be seen in Fig. S3
(Supplementary Materials). Noting that the Co—Er—B metal-
lic glasses have lower H than the Co;, sRE; sB,5 (RE=Y,
Sm, Gd) alloys. Since the metallic glasses are structurally
isotropic and free of crystalline defects like grain bounda-
ries, the H, is closely related to the magnetic anisotropy
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for Co,, sRE; sB,5 (RE=Y, Er) metallic glasses. MAE was determined from the difference between the maximum and minimum E

induced by internal stress, magnetostriction, and other
factors [49]. Although the internal stress produced during
melt-spinning can be alleviated by annealing, it is unable to
eliminate the magnetic anisotropy completely even through
a long-time thermal treatment [50]. The magnetic anisot-
ropy energy (MAE), representing the absolute value of the
maximum difference in total energy in different directions,
has been employed to characterize the magnetic anisotropy
[51]. Following the calculation method in [51], the MAE
of the Co; sRE; sB,s (RE=Er, Y) metallic glasses were
calculated to explain the better magnetic softness of the
Co-Er-B alloys. As shown in Fig. 8b, the calculated MAE
for the Co,, sEr; sB,5s metallic glass is 0.75 meV, which is
smaller than that of the Co;; 5Y; 5B,5 (0.80 meV), align-
ing with the lower H . The Co sEr; sB,5 metallic glass
with higher GFA possesses a higher atomic packing degree
(refer to the subsequent discussion on local atomic struc-
ture), which might reduce the number density of quasi-
dislocation dipole defects in the alloy, considered the main
source of elastic stress [52], resulting in decreased MAE
and consequently lower H,. On the other hand, the B, of
the Coy, sEr; sB,5 metallic glass is smaller than that of the
Co4,5Y5 5B,5 (Table 1). In order to elucidate the underly-
ing reasons, the average total magnetic moment (y,.,,) and
local magnetic moments of Co (y,), Er (up)/Y (y), and
B (up) in the two alloys were calculated, and the results

can be seen in Table 2. The up, is more negative than py,
and the pc, in the Co,; sEr; sB,s alloy is also smaller than
that in the Co,, sEr; sB,5. Hence, the p,,,,; is lower for the
Co;, 5Er; sB,5 alloy, and the By is inferior.

The compression tests demonstrate that the
Co-Er-B BMGs possess high yielding strength (o) of
3560-3969 MPa with distinct plastic strain (&) of up to
0.50% (Table 1). Taking Co,; sEr; sB,5 and Co; Er,B,s
BMGs as examples, both the alloys undergo an initial elastic
strain of about 2% followed by yielding and distinct plas-
tic deformation until failure (Fig. 9). Observing Fig. 9i-iii,
the presence of numerous shear bands on the lateral surface
is indicative of serrated flow during compression, which
contribute to the plasticity [53]; vein-like patterns on the
fracture surface characterize the excellent toughness of the
BMGs [53, 54].

4 Conclusion

The Co-Er-B alloys demonstrate better GFA than the
Co-RE-B (RE=Y, Sm, Gd) counterparts, and the BMG
samples can be obtained in a composition region of
Cogg 5-71 sE13 5_4Bys_27 5. In comparison with the Co-Y-B
alloys, the Co—Er—B metallic glasses possess stronger
atomic bond strengths and denser local atomic packing

Table 2 Calculated p,;, and local magnetic moments of Co (i), RE (ugg), and B (up) for Co,; sRE; sB,5 (RE=Er, Y) metallic glasses

Hco (Hp/atom)

#re (up/atom) g (uglatom)

AllOyS Hiotal (”B/atom)
Co7, 5Er3 5B)s 0.71 1.03
Co7,5Y35B2s 0.74 1.08

—-0.06
—0.06

-0.20
-0.13
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Fig. 9 Compressive stress—strain curves of the Co—Er—B BMGs rods inset with SEM images showing i total, ii fracture, and iii lateral surfaces

morphology of the cracked Co,, sEr; sB,s BMG

structure characterized by a higher proportion of ico-like
clusters but fewer deformed-bcc and crystal-like VPs,
leading to enhanced structural stability and impeded
ordered diffusion of atoms during solidification, which
are the key factors contributing to the better GFA. The
Co-Er-B BMGs exhibit excellent soft magnetic properties
featuring low H_ of around 1.2 A/m and good mechanical
properties with high o, of 3560-3969 MPa and distinct ¢,
up to 0.50%. The exceptionally low H_ of the Co—Er-B
metallic glasses can be attributed to their minimized MAE.
The obtained ternary Co—Er—B BMGs can serve as foun-
dational alloys for advancing the development of Co-based
BMGs with further enhanced GFA and excellent soft mag-
netic properties.
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