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a b s t r a c t   

The effects of C/B ratio on the glass-forming ability (GFA) and low-temperature magnetic properties of 
Fe42Co6Cr15Mo14CxB21−xTm2 (x = 9, 11, 13, 15 and 17 at%) metallic glasses are studied in this work. The critical 
diameter of the bulk metallic glasses changes from 2 mm to 12 mm when x increases from 9 to 15, due to 
the dense atomic packing and strong liquid behavior. An Fe42Co6Cr15Mo14C15B6Tm2 amorphous master ingot 
with a diameter of 16.5 mm is produced via arc melting and furnace cooling. With increasing C/B ratio, the 
antiferromagnetic interactions between Fe and Cr is decreased, leading to the increasing Curie temperature 
and activation energy of spin-glass behavior. A stable magnetocaloric transition at a large temperature 
range is achieved in Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon. The fracture strength of the as-cast bulk 
metallic glasses increases firstly and then decreases with increasing C/B ratio, reaching the highest fracture 
strength of 4594 MPa when x = 15. 

© 2020 Elsevier B.V. All rights reserved.    

1. Introduction 

Bulk metallic glasses (BMGs) possess unique physical and chemical 
properties, including high strength, high hardness, large elastic moduli, 
good corrosion resistance, and high catalytic activity, which make them 
promising candidate materials for structural and functional applications  
[1–3]. Among the BMG systems, Fe-based BMGs (Fe-BMGs) have gained 
the most research attentions due to their excellent soft magnetic prop
erties [4–7]. However, the GFA of Fe-BMGs is worse than most of BMG 
systems, and their critical diameter is usually below 5 mm. The transi
tion metals-metalloids-rare earth elements (TM-M-RE) BMGs have 
several advantages in glass-forming, including the significant atomic size 
mismatch, as well as the negative heat of mixing of TM-M and RE-M 
pairs [8]. Up to now, the Fe(Co)CrMoCBRE BMGs are the best glass- 
forming system in Fe-based BMGs [9–11], e.g. the critical diameters of 
Fe48Cr15Mo14C15B6Tm2 is 10 mm [12], of Fe48Cr15Mo14C15B6Er2 [13], 
(Fe44.3Cr5Co5Mo12.8Mn11.2C15.8B5.9)98.5Y1.5 and (Fe44.3Cr10Mo13.8Mn11.2 

C15.8B5.9)98.5Y1.5 BMGs are 12 mm [14], of (Fe0.8Co0.2)48Cr15Mo14 

C15B6Tm2, (Fe0.6Co0.4)48Cr15Mo14C15B6Tm2 and Fe41Co7Cr15Mo14C15B6Y2 

BMGs are 16 mm [15,16]. The concentration ratio of TM and RE elements 
has been altered and their influence on the GFA has been thoroughly 
studied in previous works. It has been reported that variation of the C/B 
ratio can lead to a distinct change of the critical diameter in Fe-based 
BMGs, for example in FePCB BMG [17]. However, the effect of metalloids 
C and B concentration on the GFA of these TM-M-RE BMGs is not clear. 

In addition, the TM-RE MGs have been reported to show unique 
low-temperature magnetic properties, including magnetocaloric ef
fect (MCE) and spin-glass (SG) behavior, which can be potentially 
applied as cryogenic magnetic refrigerant and magnetic storage 
materials [18,19]. Crystalline magnetic refrigerants usually show 
giant magnetic entropy change (ΔSM) due to their first-order mag
netic transition. However, their refrigeration capacity (RC) is low 
because of the narrow full width at half maximum of ΔSM (δTFWHM), 
which is a bottle neck problem for the applications in Ericsson cycle  
[20,21]. In contrast, a combination of large ǀΔSMǀ and RC can be ob
tained in MGs, which exhibit a second-order magnetic transition. 
The disordered structure, high thermal stability, tunable transition 
temperature by alloying and negligible magnetic hysteresis of MGs 
make them promising magnetic refrigerants. Recently, a series of 
TM-RE MGs have been reported to show good MCE [22–29], in
cluding GdCoAl, GdCoAlFe, GdDyErCoAl, etc. Besides, controllable 
low-temperature SG behavior, which is an interesting physical 
phenomenon, has been observed in the TM-RE MGs. The SG behavior 

https://doi.org/10.1016/j.jallcom.2020.158211 
0925-8388/© 2020 Elsevier B.V. All rights reserved.   

]]]] 
]]]]]] 

⁎ Corresponding author at: School of Materials Science and Engineering, Jiangsu 
Key Laboratory for Advanced Metallic Materials, Southeast University, Nanjing 211189, 
China. 

E-mail address: blshen@seu.edu.cn (B. Shen). 

Journal of Alloys and Compounds 864 (2021) 158211 

http://www.sciencedirect.com/science/journal/09258388
https://www.elsevier.com/locate/jalcom
https://doi.org/10.1016/j.jallcom.2020.158211
https://doi.org/10.1016/j.jallcom.2020.158211
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.158211&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jallcom.2020.158211&domain=pdf
mailto:blshen@seu.edu.cn
https://doi.org/10.1016/j.jallcom.2020.158211


of GdNiAl MGs disappears when the Ni content is more than 30%  
[30]. All of the ErDyCoAlRE (RE = Gd, Tb and Tm) high-entropy MGs 
show distinct SG behavior at cryogenic temperature [24]. However, 
the effects of metalloids content on the magnetic properties in
cluding MCE and SG behavior of this Fe(Co)CrMoCBRE MG system 
haven’t been studied before. In addition, the mechanical perfor
mance of the TM-M-RE BMGs is also very important for industrial 
applications, but the influence of the metalloids on the mechanical 
properties of this BMG system has not been reported either. Thus, it 
is of significant importance to elucidate the effects of C/B ratio on the 
GFA, mechanical property and low-temperature magnetic behavior 
for the TM-M-RE BMGs. 

The electronic structure has been considered as an important 
factor that determine the formation of BMGs, as well as their 
magnetic and mechanical properties. Small variations in the 
bonding of atoms and the hybridization of electron orbitals can 
lead to distinct changes in GFA. The strong p-d hybridization be
tween Al p and Co d orbitals decrease the density of states (DOS) 
at Fermi energy level, and promote the formation of string-like 
aggregates to improve the GFA of ZrCoAl BMGs [31]. Besides, it is 
well accepted that the mechanical properties of BMG can be tuned 
by the portion and type of chemical bonds, which are correlated 
with the electronic structure. For example, the ductility of FeCr
MoPCB BMG is improved by partially replacing B elements that 
create ionic and covalent bonds with P and C elements that favor 
metallic cohesion [32]. Furthermore, the magnetic behavior of 
transition metals is closely related to the hybridization of the 3d 
and 4s electron orbitals [33]. Thus, a comprehensive investigation 
of the TM-M-RE BMGs from the viewpoints of electronic structure 
can uncover the effects of C/B ratio on the magnetic behavior, 
glass formation and mechanical property. 

In this work, we fabricated Fe42Co6Cr15Mo14CxB21−xTm2 (x = 9, 11, 
13, 15, and 17 at%) glassy ribbons as well as BMGs, and a compre
hensive study of their GFA, mechanical and magnetic properties is 
carried out. The C/B ratio is modified to uncover the effects of me
talloids on the GFA, fracture strength, SG behavior and MCE of these 
BMGs. It is found that the critical diameter increases firstly and then 
decreases with increasing C/B ratio, and reaches 12 mm when x = 15. 
The highest fracture strength 4594 MPa is achieved in 
Fe42Co6Cr15Mo14C15B6Tm2 BMG. The Curie temperature and the ac
tivation energy of the SG behavior for the glassy ribbons increase 
with enhancing C/B ratio. A stable MCE is achieved when x = 15. This 
work successfully clarifies the effects of the metalloids on the glass 
formation, mechanical property and low-temperature magnetic be
havior of FeCoCrMoCBTm MGs. 

2. Experimental 

Master ingots with nominal compositions of Fe42Co6Cr15Mo14 

CxB21−xTm2 (x = 9, 11, 13, 15, and 17 at%) were prepared by first in
duction melting a mixture of pure Fe, Co, Cr, MoC (5.33 wt% C), FeC 
(5 wt% C) and B, and then arc-melting the obtained ingots with Tm 
under high purity argon atmosphere. The purities of the raw mate
rials are all higher than 99.9 wt%. The ingots were melted for 5 times 
to ensure a homogeneous distribution of the elements. The Ribbon 
and rod samples were prepared by single-roller melt spinning and 
copper mold suction casting methods, respectively. The amorphous 
structure of the samples was confirmed by X-ray diffraction (XRD, 
Bruker D8). Thermal analysis of the samples was carried out by 
differential scanning calorimetry (DSC, NETZSCH 404 F3). Fracture 
strength of the as-cast rod samples with a length to diameter ratio of 
2:1 were measured using an Instron testing machine at a strain rate 
of 2 × 10−1 s−1 under an uniaxial compressive load. AC and DC 
magnetic properties of the glassy ribbons were measured by a 
Quantum Design Physical Properties Measurement System (PPMS) 
and SQUID magnetometer (MPMS), respectively. 

The fragility m of samples was derived by carrying out DSC 
analyses of the samples with heating rates ranging from 2 to 50 K/ 
min [34,35]. Fragility parameter m was defined by Böhmer and 
Angell [36]: 

= =m
d T
d T T
log ( )
( / )

|
g

T Tg (1) 

where η is the viscosity. The value of m for the amorphous samples 
could be estimated from the heating rate dependent glass transition 
temperature Tg. For glass-forming liquid deviating from Arrhenius 
behavior, the equilibrium viscosity can be described by the Vogel- 
Fulcher-Tammann (VFT) equation [37]: 

= DT T Texp [ /( )]0 0 (2)  

The relationship between Tg and heating rate can be fitted by 
an equation with the VFT form: 
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where B is a constant associated with a timescale in the glass- 
forming system, D is the fragility parameter which reflects the de
gree that the liquid system diverges the Arrhenius behavior, and T0 is 
a VFT temperature that is usually far below the experimentally 
measured Tg within the limit of infinitely slow cooling and heating 
rates. Subsequently, m can be derived based on the following 
equation: 
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g

0

0
2 (4)  

Electronic structures of the samples were measured by an X-ray 
photoelectron spectrometer (XPS, ESCALAB 250Xi) equipped with Al 
Kα X-ray source (1486.6 eV). Ribbon samples were cleaned via argon 
ion sputtering for 500 s before the XPS measurements. Density of 
samples were measured based on Archimedean principle. 

3. Results and discussion 

The amorphous nature of the as-cast Fe42Co6Cr15Mo14CxB21−xTm2 

(x = 9, 11, 13, 15 and 17 at%) ribbons were confirmed by XRD before 
thermal analyses. The thermal properties of the as-cast glassy rib
bons are measured by DSC, as shown in Fig. 1, and the values of the 
thermal parameters for the alloys are summarized in Table 1. As 
shown in Fig. 1a, upon heating, all of the glassy ribbons exhibit an 
endothermal glass transition, followed by a supercooled liquid re
gion and then sharp exothermal peaks corresponding to the crys
tallization process. The values of Tg and crystallization temperature 
Tx shift to lower temperatures with increasing C/B ratio. With in
creasing C/B ratio, the supercooled liquid region (ΔTx = Tx-Tg) varies 
irregularly between 35 and 51 K, and the largest ΔTx (51 K) is ob
tained when x = 11. As shown by the cooling DSC curves in Fig. 1b, 
the melting temperature Tm decreases firstly and then increases as 
the C/B ratio increases, while the liquid temperature Tl increases 
monotonously. The alloy with x = 9 has the smallest solidification 
temperature range, which means it is closer to the eutectic point and 
thus may lead to a better GFA. Based on the above analyses from 
DSC, it is difficult to evaluate the GFA of the alloys. 

To study the effects of C/B ratio on the GFA for Fe42Co6 

Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) BMGs, rod samples 
are produced via copper mold casting. Fig. 2 shows the XRD patterns 
of the as-cast rod samples with critical diameters ranging from 2 to 
12 mm. All of the patterns exhibit broad diffuse humps, no sharp 
diffraction peak corresponding to crystalline phase is detected, in
dicating their amorphous structure. By increasing the C/B ratio, the 
critical diameter of the alloy increases firstly and then decreases, and 
reaches the largest value of 12 mm when the C content is 15 at%. 
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Remarkably, as shown in Fig. 3, the Fe42Co6Cr15Mo14C15B6Tm2 

master ingot with a diameter of 16.5 mm is produced via arc melting 
and furnace cooling, and the whole area of the cross section show 
metallic luster (the dark areas on the cross sections come from light 
refraction). The XRD curve of the master ingot is shown in the inset 
of Fig. 3 and exhibits a diffuse hump, indicating the amorphous 
nature of this ingot. This further reveals the excellent GFA of this 
composition. The dimension of the ingot is like a “Frisbee” with the 
largest thickness of ~7.5 mm at the center part, which leads to a large 
contact surface between ingot and the water-cooled copper mold. 
Thus, a large cooling rate can be achieved in the ingot, and this ex
plains the amorphous nature of the ingot. Based on the above ana
lysis, modification of C/B ratio obviously influences the glass- 
forming process in this alloy system. Considering the results from 
DSC analyses, the variation of GFA is not consistent with ΔTx. Thus, 
further study about the origin of the largest GFA for BMG with x = 15 
will be carried out in the later part. 

The mechanical properties of the Fe42Co6Cr15Mo14CxB21-xTm2 

(x = 9, 11, 13, 15 and 17 at%) BMGs were measured via compressive 
tests using rod samples with diameters of 2 mm, and length to 
diameter ratio of 2:1. The compressive stress-strain curves of the 
BMGs with different C/B ratio are shown in Fig. 4, and the values of 

Fig. 1. (a) Heating and (b) cooling DSC curves of the as-cast Fe42Co6Cr15Mo14CxB21- 

xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy ribbons. 

Table 1 
Critical diameter (Dc), glass transition temperature (Tg), crystallization temperature (Tx), melting temperature (Tm), liquid temperature (Tl), supercooled liquid region (△Tx), 
fragility (m), spin-frozen temperature (Tf), Curie temperature (TC) and compressive fracture strength (σf) of Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) metallic glasses.              

Alloy Dc (mm) Tg (K) Tx (K) Tm (K) Tl (K) ΔTx (K) ρ（g/cm3） m Tf (K) TC (K) σf (MPa)  

x = 9  2  876  925  1366  1427  49  7.81  55  8  18  3500 
x = 11  5  872  923  1339  1440  51  7.83  50  8  19  3738 
x = 13  8  871  908  1328  1444  37  8.06  47  8  20  4295 
x = 15  12  850  893  1327  1452  43  8.47  41  8  23  4594 
x = 17  6  845  880  1354  1468  35  7.88  80  8  25  4076 

Fig. 2. (a) XRD patterns of the as-cast Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 
17 at%) rods with critical diameters ranging from 2 to 12 mm. 

Fig. 3. (c) The photos of the Fe42Co6Cr15Mo14C15B6Tm2 ingot and its cross section. The 
XRD pattern of the ingot is shown in the inset. 

Fig. 4. Compressive stress-strain curves at room temperature for Fe42Co6Cr15Mo14 

CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) BMGs. 
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fracture strength are listed in Table 1. All of the samples show brittle 
fracture, as no plastic deformation is observed on the stress-strain 
curves. When x increases from 9 to 15, the fracture strength keeps 
rising, but drops with further increase of C. The BMG with x = 15 
exhibits highest fracture strength of 4594 MPa. The origin of the 
variation of the fracture strength with increasing C content will be 
explained via the electronic structure analyses. 

The combination of TM and RE elements usually lead to inter
esting magnetic behavior, thus the SG behavior and MCE of the 
Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy rib
bons are analyzed. The SG behavior of glassy ribbons are investigated 
by measuring the magnetic response of the samples at different 
temperatures and applied fields. Fig. 5a shows the temperature de
pendent field cooling (FC) and zero field cooling (ZFC) magnetization 
curves for Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) 
glassy ribbons. These ribbons exhibit ferromagnetic characteristics 
below 30 K. When the temperature is higher than 30 K, the mag
netization of the ribbons decreases and approaches to zero, in
dicating a ferromagnetic to paramagnetic phase transition. As the C/ 
B ratio increases, both the magnetization and the transition tem
perature increase substantially. For all of the MGs, obvious diver
gence between FC and ZFC branches occurs around 10 K, showing a 
typical SG-like behavior. Fig. 5b shows the difference between FC 
and ZFC magnetization for the alloys, which also increases with the 
rising C/B ratio. The Curie temperatures (TC) and the spin freezing 
temperatures (Tf), which were defined as the temperatures corre
sponding to the minimum of dM/dT and dΔM/dT, are shown in the 
insets of Fig. 5a and b, respectively. The values of TC and Tf are cal
culated and listed in Table 1. As the C/B ratio increases, TC increases 
gradually while the Tf keeps constant. This indicates that the in
crease of the C/B ratio promotes the ferromagnetic exchange inter
action, but has almost no effect on the random magnetic anisotropy 
below TC of this alloy system. In this Fe-based metallic glass system, 
the long-range ferromagnetic order was broken by the large random 

magnetic anisotropy induced by the rare earth Tm element. The 
spins are oriented along their anisotropy axes under local anisotropy 
field at low temperature, which causes the formation of complex 
ground states with a random orientation of magnetic moments and 
magnetic irreversibility. 

Hysteresis loops under a magnetic field of 5 T at 5 K were mea
sured for Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) 
glassy ribbons as shown in Fig. 5c. All of the ribbons exhibit over
lapping loops and soft magnetic characteristics at low temperature. 
As the applied field increases, the samples are magnetized fast and 
tend to be saturated. As shown by the enlarged hysteresis loops 
around 0 T, the glassy ribbons exhibit very low coercivity of 
0.02–0.03 T, which results from the random magnetic anisotropy 
caused by the interaction between the 3d electrons in transition 
metals and 4f electrons in the Tm element. 

To further investigate the SG behavior in these MGs, the critical 
dynamics of the SG transition for the representative 
Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon is studied. AC susceptibility 
at different frequencies for Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon 
were measured and plotted in Fig. 5d. Sharp peaks can be observed 
on the susceptibility curves for all of the frequencies. The peak po
sitions shift to higher temperatures and decrease with increasing 
frequency, exhibiting a typical SG-like behavior. For a critical slowing 
down dynamics, the correlation length diverges at the transition 
temperature and the relaxation time max obeys the following 
law [38]: 

= × T T/ 1max f s
zv

0 (5) 

where Ts and zv are the ideal freezing temperature and a critical 
exponent, respectively, 0 is related to the relaxation time of in
dividual atomic magnetic moment. For antitype spin-glasses, 0 is 
about 10−10–10−13 s and zv is reported to be 4–13 [38]. The experi
mental data were well fitted with Eq. 5, as shown in the inset of  

Fig. 5. SG behavior analyses of the as-cast Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy ribbons (a) ZFC and FC magnetization curves under a magnetic field of 
0.02 T, and the inset shows differential curves. (b) The difference value between FC and ZFC magnetization, the inset shows the differential curves. (c)Hysteresis loops, and the 
inset shows the magnification around zero applied field. (d)AC susceptibility curves at different frequencies, and the inset shows the relaxation time τmax versus temperature and 
the solid line is fitting curve. 
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Fig. 5d. The fitting results are: τ0 = ~10−11 s, Ts = 15.2 K and zv = 7.1. 
Both the 0 and zv values locate in the range of conventional SG 
systems, demonstrating a critical divergence and the existence of a 
SG-like behavior in this BMG. 

The MCE of the Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon, which 
has the largest GFA, is studied by measuring the isothermal mag
netization at temperatures ranging from 2 to 59 K. As shown in  
Fig. 6a, the magnetization of the sample rises and then approaches 
to saturation with increasing applied magnetic field up to 5 T. Be
sides, the susceptibility and magnetization decrease gradually as the 
temperature rises, confirming the ferromagnetic to paramagnetic 
transition. Fig. 6b shows the corresponding Arrott plots, and the 
inset shows the magnified plots at 2, 4 and 6 K. According to Bane
rjee criterion, the magnetic transition in Fe42Co6Cr15Mo14C15B6Tm2 

glassy ribbon is a second-order phase transition due to the positive 
slope of Arrott plots [39], which indicates a low hysteresis during the 
transition process. The intersection at low temperatures is attributed 
to the SG-like behavior. As one of the main parameters to char
acterize the MCE, the SM can be derived from the isothermal 

magnetization curves by integrating the Maxwell relation over the 
magnetic field [38]: 

= =S T H S T H S T
M
T

dH( , ) ( , ) ( , 0)
H

H
M M M

0

max

(6) 

where Hmax represents the maximum value of the magnetic field, 
and H0 is 0 T in this work. Generally, the SM increases with the 
increasing applied magnetic field, because the magnetic order 
changes substantially at high applied magnetic field. Fig. 6c exhibits 
the temperature dependence of SM under different magnetic 
fields for Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon. Under an applied 
magnetic field of 5 T, the maximum of magnetic entropy change 
( SM

max) is 0.44 Jkg−1K−1. The RC can be estimated using 
Gschneidner method as shown in Eq. 7 [40]: 

= ×RC S TFWHMM
max (7)  

Under an applied magnetic field of 5 T with the temperature 
range up to 59 K, the RC of Fe42Co6Cr15Mo14C15B6Tm2 glassy ribbon is 
23.8 J kg−1. The SM

max and RC values are not very prominent 
compared with other amorphous magnetic refrigerants. However, 
within the temperature range from 5 to 59 K, this glassy ribbon 
exhibits a constant SM value, demonstrating a table-like MCE, as 
shown by the orange shading in Fig. 6c. This guarantees a stable 
magnetocaloric transition process and a large working temperature 
range of this MG, which is favorable to the application in the 
Ericsson cycle. 

By modification of C/B ratio, the GFA, mechanical properties and 
low-temperature magnetic behavior of FeCoCrMoCBTm MGs is op
timized. An Fe42Co6Cr15Mo14C15B6Tm2 MG with a large critical dia
meter of 12 mm, high fracture strength of 4594 MPa, distinct SG 
behavior and stable MCE is fabricated. In order to elucidate the re
lationship between the modified C/B ratio and varied GFA, me
chanical performance and magnetic behavior, the fragility of melting 
liquids and electronic structure of the as-cast MGs are studied 
comprehensively. 

The properties of the supercooled liquids are investigated by 
carrying out DSC analyses with different heating rates for 
Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy rib
bons. The representative DSC curves of Fe42Co6Cr15Mo14C11B10Tm2 

glassy ribbon with heating rates ranging from 2 to 50 K/min are 
shown in Fig. 7a. By increasing the heating rate, the glass transition 
and crystallization phenomenon become more distinct, and both Tg 

and Tx shift to higher temperatures. To better characterize the liquid 
behavior of the BMGs, the fragility parameter m was calculated. The 
m was reported to have inherent relations with bonding and visc
osity behaviors of glass-forming liquids, hence the GFA of BMGs can 
be explained based on the m value. The smaller the m value is, the 
“stronger” the liquid is, and usually corresponding to a larger GFA  
[41,42]. Fig. 7b shows the VFT fitting plots of the thermal properties 
for Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy 
ribbons, and the estimated values of m are listed in Table 1. When 
the C/B ratio increases, the value of m decreases firstly and then 
increases, exhibiting a minimum of 41 at x = 15. This indicates that 
the Fe42Co6Cr15Mo14C15B6Tm2 liquid is strong. In strong liquids, only 
a small amount of local atomic rearrangements occur during glass 
transition, while a collective rearrangements of atom groups pre
dominant in fragile liquids. Thus, the Fe42Co6Cr15Mo14C15B6Tm2 

BMG exhibits smaller changes in the structure and heat capacity 
with changing temperature in the glass transition region, and pos
sesses more sluggish dynamics and crystallization kinetics, which 
make it a better glass former. 

As GFA of BMGs is affected by their electronic structure, the ef
fects of C/B ratio on the bonding states of the Fe42Co6Cr15Mo14CxB21- 

xTm2 (x = 9, 11, 13, 15 and 17 at%) MGs are analyzed by XPS. No ob
vious change of the binding energies is detected for Fe 2p, Co 2p or 

Fig. 6. (a) The isothermal magnetization curves of Fe42Co6Cr15Mo14C15B6Tm2 glassy 
ribbon from 2 to 59 K, (b) the corresponding Arrott plots and (c) the -ΔSM versus 
temperature at various magnetic field. The inset of (b) shows the Arrott plots at 2, 4 
and 6 K. 
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Mo 3d. The B 1s, C 1s and Cr 2p3/2 core level spectra obtained for the 
samples are shown in Fig. 8a, b and c, respectively. The magnified 
images of the peaks are shown in the insets of corresponding figures. 
With increasing C/B ratio, the core-level peaks of B 1s and C 1s shift 
to lower binding energies firstly and then to higher values, reaching 
the minimum value at x = 15. The variation in binding energies is 
consistent with the variation of the GFA in this Fe-based BMG 
system. Although the relative variations of the binding energies are 
less than 0.1 eV, the small change in the electronic structure can 
significantly affect the GFA of the BMGs [43]. The electron orbital 
hybridization of the transition metals and metalloids results in the 
change of the binding energies of C 1s and B 1s. The smallest binding 
energies of the metalloids in the alloy with x = 15 may come from the 
densest atomic packing structure. To verify this proposal, the density 
ρ of the BMGs were measured and shown in Table 1. It is true that 
the density of the samples increases when x increases from 9 to 15, 
and then decreases with further increasing C/B ratio. The dense 
atomic packing impedes the rearrangement of atoms to form crys
tals, thus leads to the large GFA of Fe42Co6Cr15Mo14C15B6Tm2 BMG. 

Besides, BMGs with denser atomic packing usually has higher 
fracture strength [44]. The BMGs with smaller atomic spacing have 
less space available for the atoms to move around their nearest 
neighbor without energy change. A larger driven force is needed for 
the movement of atoms, thus the stress value before yielding is in
creased. As a result, the Fe42Co6Cr15Mo14C15B6Tm2 BMG has the 
highest strength. The low-temperature magnetic behavior of the Fe- 
based glassy ribbons is related to the change of electronic structure 
with C/B ratio variation. As shown in Fig. 5, the peak temperatures of 
ZFC and FC magnetization, as well as the decline rate of the FC 
magnetization, increases obviously with increasing C/B ratio. This 
indicates the activation energy for SG behavior is improved in the 
glassy ribbon with higher C content. Also, the TC increases with 

enhancing C/B ratio. As shown in Fig. 7c, the binding energy of Cr 
2p3/2 increases linearly with higher C content, due to the occupation 
of C atoms around Cr atoms. The antiferromagnetic interactions 
between Fe and Cr is then reduced. Besides, as C atoms can provide 
more electrons to Fe than B atoms, the distribution of magnetic in
teractions can be affected. This explains the improved TC and acti
vation energy of SG behavior with increasing C/B ratio. 

4. Conclusions 

In this work, the effects of C/B ratio on the GFA, fracture strength 
and low-temperature magnetic behavior of Fe42Co6Cr15Mo14CxB21- 

Fig. 7. (a) DSC curves of Fe42Co6Cr15Mo14C11B10Tm2 glassy ribbons with different 
heating rates and (b) The heating rate dependent of Tg for Fe42Co6Cr15Mo14CxB21-xTm2 

(x = 9, 11, 13, 15 and 17 at%) glassy ribbons, and solid lines are VFT fittings. 
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Fig. 8. The binding energies of (a) B 1s, (b) C 1s and (c) Cr 2p for the as-cast 
Fe42Co6Cr15Mo14CxB21-xTm2 (x = 9, 11, 13, 15 and 17 at%) glassy ribbons. The insets are 
the magnifications at peak positions. 
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xTm2 (x = 9, 11, 13, 15 and 17 at%) MGs are systematically studied. An 
Fe42Co6Cr15Mo14C15B6Tm2 BMG with critical diameter of 12 mm, 
fracture strength of 4594 MPa, distinct spin-glass behavior and 
stable magnetocaloric transition at a large temperature range is 
fabricated. The electronic structure and liquid behavior analyses of 
the BMGs reveal that the large GFA of this BMG is related to its dense 
atomic packing and strong liquid behavior. The high fracture 
strength of this alloy also results from the dense atomic packing, 
while the distinct spin-glass behavior is attributed to the large 
random magnetic anisotropy. 
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