
Materialia 7 (2019) 100419 

Contents lists available at ScienceDirect 

Materialia 

journal homepage: www.elsevier.com/locate/mtla 

Full Length Article 

The role of Co/Al ratio in glass-forming GdCoAl magnetocaloric metallic 

glasses 

Liliang Shao 

a , 1 , Lin Xue 

a , 1 , Qiang Luo 

a , Qianqian Wang 

a , Baolong Shen 

a , b , ∗ 

a School of Materials Science and Engineering, Jiangsu Key Laboratory of Advanced Metallic Materials, Southeast University, Nanjing 211189, China 
b Institute of Massive Amorphous Metal Science, China University of Mining and Technology, Xuzhou 221116, China 

a r t i c l e i n f o 

Keywords: 

Glass-forming ability 

Thermodynamics 

Kinetics 

Relaxation 

Magnetocaloric effect 

a b s t r a c t 

In this work, a prominent improvement of glass-forming ability is achieved through the adjustment of Co/Al ratio 

in the ternary GdCoAl system. The critical diameter of Gd 55 Co 17.5 Al 27.5 bulk metallic glass (BMG) is up to 8 mm, 

which is larger than that of the Gd 55 Co 22.5 Al 22.5 BMG with a critical diameter of 3 mm and most ternary Gd- 

based BMGs. Thermodynamic investigations in terms of specific heat capacity and Gibbs free energy difference 

indicate that the Gd 55 Co 17.5 Al 27.5 BMG possesses a lower driving force for crystallization. Kinetic analyses based 

on viscosity and dynamic relaxation spectrum reveal a stronger liquid behavior and more sluggish kinetics of the 

Gd 55 Co 17.5 Al 27.5 BMG compared with the Gd 55 Co 22.5 Al 22.5 BMG. Through the combination of the linear thermal 

expansion behavior and relaxation, the distinct difference of the contraction in supercooled liquid region of 

Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs is well explained. In addition, the magnetic entropy change is further 

enhanced by appropriate annealing treatment through the formation of more complex structures comprising 

short-range order, medium-range order and nano-crystallized structure. 
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. Introduction 

Rare earth (RE)-based metallic glasses (MGs) with a wide range of
unable compositions exhibit excellent functional and abundant physical
roperties [1–5] , such as magnetocaloric effect (MCE) which is the ba-
is of magnetic refrigeration technology [6,7] . Compared with conven-
ional refrigeration technologies, the magnetic refrigeration has advan-
ages of high refrigeration efficiency, wide category of refrigerants and
nvironmental friendliness [8–10] . Crystalline materials may exhibit gi-
nt magnetic entropy change ( ΔS M 

) attributed to the first-order struc-
ural transition coupled with the ferromagnetic (FM) to paramagnetic
PM) transition. However, magnetic and heat hysteresis for crystalline
efrigerants is unneglectable and their refrigerant capacity ( RC ) is inad-
quate [11–13] . In contrast, relatively large | ΔS M 

| and broad full width
t half maximum of | ΔS M 

| ( 𝛿T FWHM 

) are usually available in MGs due to
he intrinsic amorphous structure and second-order magnetic transition
1] . 

In particular, Gd-based MGs have attracted tremendous research in-
erests due to their remarkable MCE manifested as negligible magnetic
ysteresis and broad phase transition temperature range. In the past
ecade, a serious of Gd-based MGs in the forms of microwire, ribbon,
nd rod with good MCE have been investigated [14–17] . Among them,
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he most widely studied alloy system is GdTMAl (TM = Fe, Co, Ni), and
xcellent RC was obtained in considerable compositions [18–21] , fur-
hermore, table-like MCE was achieved in several systems through in-
ucing appropriate crystalline phases [22,23] . Through the substitution
f similar RE elements, the controllable spin glass-like behavior and
agnetocaloric response can be realized in GdRETMAl (RE = Tb, Dy,
o, Er, Tm, TM = Co, Fe, Ni) MGs [24–27] . Besides, binary Gd-based
Gs such as GdCo, GdNi ribbons have also been studied to some ex-

ent [28,29] . However, the critical diameters of these Gd-based mag-
etic MGs were usually less than 3 mm, and the wide application was
remendously limited by the inadequate glass-forming ability (GFA). Al-
hough some works have been devoted to the improvement of the GFA
f Gd-based bulk metallic glasses (BMGs), such as microalloying [30] ,
ubstitution with similar RE elements [15] , and utilization of high en-
ropy alloy characteristics [31,32] , etc., the effects are usually not sig-
ificant or could result in the deterioration of RC . Generally, large GFA
orresponds to high thermal stability and guarantees the process of all
inds of complex structures, which can make contribution to the practi-
al application of amorphous magnetic refrigerants. Therefore, simulta-
eously achieving the enhancement of GFA and preservation of excellent
CE for Gd-based MGs through delicate composition adjustment is of

reat significance. 
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Fig. 1. XRD patterns and DSC traces of the as-cast Gd 55 Co 17.5 Al 27.5 and 

Gd 55 Co 22.5 Al 22.5 rods with diameter of 3–8.5 mm. Inset of this figure shows the 

picture of the Gd 55 Co 17.5 Al 27.5 BMG with a diameter of 8 mm. 
In addition, most investigations on the GFA of Gd-based MGs are still
t the stage of composition exploration, and the detailed and systematic
tudy of GFA and thermophysical characterization remain insufficient.
n contrast, more and more BMGs such as Zr-, Fe-, Ni-, Pt-, Pd- and
g-based alloy systems were deeply studied with respect to thermody-

amic and kinetic aspects recently [33–40] , identifying the close cor-
elation between GFA and thermophysical properties including specific
eat capacity ( c p ), Gibbs free energy difference, viscosity and fragility,
tc. Consequently, the exploration of the thermophysical properties for
d-based BMGs will contribute to the intensive investigation of GFA for
E-based MGs, which can provide theoretical guidance for the develop-
ent of new materials with advanced functional performance. 

In order to achieve the combination of large GFA and prominent
CE in Gd-based MGs, ternary GdCoAl BMGs with different Co/Al ra-

ios are prepared. The critical diameter of the Gd 55 Co 17.5 Al 27.5 BMG is
p to 8 mm, which is the largest in ternary Gd-based BMGs up to now.
urthermore, the correlation between the enhanced GFA and thermo-
hysical properties are systematically investigated from thermodynamic
nd kinetic aspects. The linear thermal expansion and relaxation behav-
ors of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs are also studied in
rder to better understand the distinct difference on GFA. Due to the
reservation of high Gd content, excellent MCE is obtained in both al-
oys. The ΔS M 

is further enhanced by reasonable annealing treatment
hrough introducing appropriate portion of medium-range order (MRO)
nd nano-crystallized (NC) structure into the amorphous matrix, which
s of great significance to tailor MCE. 

. Experimental 

Pre-alloyed ingots with nominal compositions of Gd 55 Co 22.5 Al 22.5 

nd Gd 55 Co 17.5 Al 27.5 were prepared by arc melting a mixture of Gd,
o, Al under highly pure argon atmosphere. The purity of raw materials
sed in this study is beyond 99.9%. In order to achieve chemical homo-
eneity, all of the ingots were re-melted for five times. Subsequently,
MGs with diameters of 1–8 mm were prepared by copper mold casting
ethod under argon atmosphere. 

The microstructures of BMGs were investigated by X-ray diffraction
XRD, Bruker D8) with Cu K 𝛼 radiation, and high-resolution transmis-
ion electron microscopy (HRTEM, Tecnai G20, FEI). Thermal analysis
as carried out by differential scanning calorimeter (DSC, Netzsch DSC
04 F3) using the BMG with diameter of 2 mm under high-purity argon
ow. Characteristic temperatures like the glass transition temperature
 T g ), the crystallization temperature ( T x ) and the melting point ( T m 

) of
amples were obtained from the corresponding DSC curves. Three kinds
f thermal analyses, i.e., isochronal annealing below T g , isothermal an-
ealing between T g and T x and heating with various heating rates of
, 10, 20, 30, 40 and 50 K/min were applied to characterize the ther-
al properties of BMGs. The process of isochronal annealing was set as

1) heated the sample to a pre-set temperature below T g with a heating
ate of 20 K/min and held for 60 min, (2) cooled the sample to room
emperature (RT), (3) heated the preprocessed sample from RT to 883 K
ith a heating rate of 20 K/min. In parallel, the amorphous sample was

sothermally annealed at several temperatures between T g and T x for
 certain time depending on the crystallization behavior. The tempera-
ure step method was selected to obtain the stable value of c p in order to
vercome the influence of the reproducibility of the DSC baseline [36] .
he samples were heated at a constant rate of 20 K/min to a certain
emperature with series of temperature intervals of 10 K and holding
sothermally for 10 min. The value of c p was obtained from the follow-
ng formula: 

 𝑝 ( 𝑇 ) 𝑠𝑎𝑚𝑝𝑙𝑒 = 

�̇� 𝑠𝑎𝑚𝑝𝑙𝑒 − �̇� 𝑝𝑎𝑛 

�̇� 𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 − �̇� 𝑝𝑎𝑛 

×
𝑚 𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 × 𝜇𝑠𝑎𝑚𝑝𝑙𝑒 

𝑚 𝑠𝑎𝑚𝑝𝑙𝑒 × 𝜇𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 

× 𝑐 𝑝 ( 𝑇 ) 𝑠𝑎𝑝𝑝ℎ𝑖𝑟𝑒 (1)

here �̇� , m and 𝜇 refer to heat flow, mass and molar mass, respectively.
A thermomechanical analyzer (TMA, Netzsch TMA 402 F3) was used

o obtain the kinetic viscosity in the vicinity of T g and linear thermal ex-
ansion coefficient by dilatometry. Glassy rods with a diameter of 2 mm,
 length of 10 mm or 3 mm and two plane parallel surfaces were heated
rom RT to 903 K with a constant heating rate of 10 K/min, during which
 force of 0.2 N was applied. Subsequently, the dynamic viscosity 𝜂 can
e obtained: 𝜂 = 𝜎∕3 ̇𝜀 [41] . 

The dynamical mechanical spectroscopy of the MGs was performed
n a dynamical mechanical analyzer (DMA, Netzsch DMA 242 E) in
 high-purity nitrogen atmosphere. The dynamic modulus 𝐸 

∗ ( 𝜔 ) =
 

′( 𝜔 ) + 𝑖𝐸 

′′( 𝜔 ) , which includes a real part E ′ and an imaginary part
 ″ representing the storage and loss modulus, respectively. The beam-
haped specimens with the dimension of 30 mm ×2 mm ×1.5 mm were
easured by single cantilever bending mode with a constant heating

ate of 2 K/min at various frequencies of 0.2, 0.5, 1 and 2 Hz. 
The temperature and field dependences of magnetization curves

ere measured by a SQUID magnetometer (MPMS, Quantum Design)
sing glassy rods with a diameter of 1 mm. The field cooling magneti-
ation ( M FC ) curve was measured under an applied magnetic field of
00 Oe on the heating course after initially cooling the sample from
00 to 2 K under the same field. The zero field cooling magnetization
 M ZFC ) curve was measured on the heating course under the same field
f M FC after initially cooling from 300 to 2 K without applied magnetic
eld. The isothermal magnetization ( M–H ) curves were measured under
 changing magnetic field up to 5 T, and the temperature varied from 2
o 200 K with an interval of 5 K near the magnetic transition tempera-
ure. 

. Results 

.1. Glass-forming ability 

Fig. 1 shows XRD patterns and typical DSC traces of the as-cast
d 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 rods. Only broad hump in the
 𝜃 range of 30°–40° can be seen for Gd 55 Co 22.5 Al 22.5 (diameter: 3 mm)
nd Gd 55 Co 17.5 Al 27.5 (diameter: 8 mm) rods, illustrating a fully amor-
hous structure. It is worth noting that the critical diameter of the
d 55 Co 17.5 Al 27.5 BMG is the largest among the ternary GdCoAl BMGs re-
orted up to date. As a contrast, the critical diameter of Gd 55 Co 22.5 Al 22.5 

s only 3 mm. The inset picture of Fig. 1 exhibits the metallic lustrous sur-
ace of Gd 55 Co 17.5 Al 27.5 BMG with a diameter of 8 mm, indicating its ex-
ellent castability upon solidification. It can be seen from the DSC traces
hat both alloys exhibit a distinct broad endothermic hump correspond-
ng to glass transition and subsequent exothermic peaks related to crys-
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Fig. 2. DSC traces of the Gd 55 Co 17.5 Al 27.5 (a) and Gd 55 Co 22.5 Al 22.5 (b) BMGs annealed below T g , and the insets show the relationship between T g and T a . Isothermal 

crystallization DSC curves with temperature interval of 3 K from 0.94 T x for Gd 55 Co 17.5 Al 27.5 (c) and Gd 55 Co 22.5 Al 22.5 (d) BMGs. 

Table 1 

Thermodynamic and kinetic parameters for the glass formers of this study. a, b, c, d are the fitting parameters for c p . D 

∗ and T 0 are the fitting parameters of the 

VFT equation. m is the fragility index obtained from the DMA data. 

Composition a ×10 − 3 (J g-atom 

− 1 K − 2 ) b ×10 6 (J K g-atom 

− 1 ) c ×10 − 3 (J g-atom 

− 1 K − 2 ) d ×10 − 5 (J g-atom 

− 1 K − 3 ) D ∗ T 0 (K) m 

Gd 55 Co 17.5 Al 27.5 7.85 ± 0.46 7.735 ± 0.264 9.91 ± 0.92 2.134 ± 0.154 28.2 ± 0.2 351.1 ± 0.6 36.7 ± 1.9 

Gd 55 Co 22.5 Al 22.5 10.69 ± 0.42 6.865 ± 0.279 − 12.14 ± 1.21 2.666 ± 0.201 20.6 ± 0.1 383.8 ± 0.5 44.2 ± 2.0 
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allization. The supercooled liquid regions ΔT x ( ΔT x = T x − T g ) are 80 and
5 K for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 , respectively, implying
 more stable supercooled liquid and better GFA of the Gd 55 Co 17.5 Al 27.5 

lloy. 

.2. Isochronal and isothermal annealing 

In order to explicate the significant difference of the GFA of these
imilar glass formers, annealing treatments were selected. Fig. 2 (a)
hows the DSC traces of the Gd 55 Co 17.5 Al 27.5 BMG after isochronal an-
ealing at different temperatures from 540 (0.9 T g ) to 590 K (0.983 T g ).
he relationship between T g and annealing temperature ( T a ) is nonlin-
ar as shown in the inset of Fig. 2 (a), which implies that the kinetic
tability of BMGs does not monotonically increase with the increase of
 a . The corresponding DSC traces of the Gd 55 Co 22.5 Al 22.5 BMG obtained
rom 530 (0.9 T g ) to 570 K (0.969 T g ) are shown in Fig. 2 (b), which
xhibit the similar variation trend with the Gd 55 Co 17.5 Al 27.5 BMG. Hu
t al. found that the dependence of T g on T a is nonlinear when T a is
ell below T g [42] . The similar phenomenon is observed in this study
t the vicinity of T g . Furthermore, it is found that T x keeps almost the
ame value within the experimental error below a critical temperature
 T ct , 590 K for Gd 55 Co 17.5 Al 27.5 , 570 K for Gd 55 Co 22.5 Al 22.5 ), above
hich T x decreases slightly. It is confirmed that this slight difference

s not caused by experimental errors and can be validated by the subse-
uent analysis. The T ct of Gd 55 Co 22.5 Al 22.5 (0.969 T g ) is lower than that
f Gd 55 Co 17.5 Al 27.5 (0.983 T g ), which is concordant with their different
hermal stability. The crystallization kinetics of the Gd 55 Co 17.5 Al 27.5 and
d 55 Co 22.5 Al 22.5 BMGs was studied by isothermal annealing at various

emperatures between T g and T x as shown in Fig. 2 (c) and (d). It is clear
hat the isothermal DSC curves of the studied MGs are similar, i.e., the
ncubation time prolongs and the whole crystallization time increases
ith the decrease of T a , implying a slower crystallization process. 

.3. Thermodynamics and kinetics 

In the theoretical framework of thermodynamics, c p plays an essen-
ial role, and thus the accurate measurement of c p is of great impor-
ance. Fig. 3 (a) and (b) shows the temperature dependence of c p mea-
ured by the temperature step method for the amorphous (half-filled
iamonds), crystalline (filled circles) and liquid (unfilled triangles)
tates of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 alloys, respectively. The
unction curves between temperature and the specific heat capacities
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Fig. 3. All measured c p data points for crystalline state (fill circles), supercooled 

liquid (SCL) and stable liquid (unfilled triangles), and glassy state (half-filled 

diamonds) of Gd 55 Co 17.5 Al 27.5 (a) and Gd 55 Co 22.5 Al 22.5 (b) alloys. The curves 

for liquid and crystalline state are fitted using Eqs. (2) and ( 3 ), respectively. 

o  

K

𝑐  

𝑐  

w  

a  

s  

w  

l  

o  

1  

a
 

e  

o  

l

Δ  

Δ  

w  

c  

a  

a  

s  

a  

i  

b  

s  

T  

t  

a  

(  

a  

s

f the crystal ( 𝑐 𝑥 
𝑝 
(T)) and the liquid ( 𝑐 𝑙 

𝑝 
(T)) are fitted according to

ubaschewski et al. [43] , with the following formulas: 

 

𝑙 
𝑝 
( 𝑇 ) = 3 𝑅 + 𝑎𝑇 + 𝑏 𝑇 −2 (2)

 

𝑥 
𝑝 
( 𝑇 ) = 3 𝑅 + 𝑐𝑇 + 𝑑 𝑇 2 (3)

here R is the universal gas constant, a, b, c and d are fitting constants
s listed in Table 1 . There is a common feature of these two alloys that a
tep in the specific heat capacity of glassy stat e ( Δc p ) is ob served near T g ,
hich is the difference between the extrapolated c p value of supercooled

iquid and the extrapolated c p value of the glass at T g [44] . The values
f Δc p for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs are 11.35 and
3.20 J g-atom 

− 1 K 

− 1 , respectively, which are close to 3 R /2 (12.47 J g-
tom 

− 1 K 

− 1 ) and consistent with the reported results [44] . 
Combining the measured c p data and the DSC scan data including T m 

,
nthalpy of fusion ( ΔH m 

) and entropy of fusion ( ΔS m 

), the functions
f enthalpy difference Δ𝐻 

𝑙− 𝑥 ( 𝑇 ) and entropy difference Δ𝑆 

𝑙− 𝑥 ( 𝑇 ) for
iquid and crystal are evaluated by the following equations: 

𝐻 

𝑙− 𝑥 ( 𝑇 ) = Δ𝐻 𝑚 − ∫
𝑇 𝑚 

𝑇 

Δ𝑐 𝑙− 𝑥 
𝑝 

(
𝑇 ′

)
𝑑𝑇 ′ (4)

𝑆 

𝑙− 𝑥 ( 𝑇 ) = Δ𝑆 𝑚 − ∫
𝑇 𝑚 

𝑇 

Δ𝑐 𝑙− 𝑥 
𝑝 

(
𝑇 ′

)
𝑇 ′

𝑑𝑇 ′ (5)

here Δ𝑐 𝑙− 𝑥 
𝑝 

( T ) is the difference of c p between liquid and crystal cal-

ulated by subtracting 𝑐 𝑥 
𝑝 
( T ) from 𝑐 𝑙 

𝑝 
( T ). Fig. 4 exhibits the Δ𝐻 

𝑙− 𝑥 ( 𝑇 )
nd Δ𝑆 

𝑙− 𝑥 ( 𝑇 ) for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs plotted
s a function of temperature. Obviously, the Δ𝐻 

𝑙− 𝑥 ( 𝑇 ) and Δ𝑆 

𝑙− 𝑥 ( 𝑇 )
how the same trend, and both of them decrease with reducing temper-
ture. The superheated liquid transforms to the supercooled liquid cool-
ng through T m 

, subsequently, the supercooled liquid freezes to a glass
elow T g . Consequently, the residual enthalpy is frozen in the glassy
tate and can be released via enthalpy relaxation by annealing below T g .
he constant enthalpy and entropy difference between glassy and crys-
alline states results from the small difference of c p between the glass
nd crystal as shown in Fig. 3 . In addition, the Kauzmann temperatures
 T K ) at which the entropies of liquid and crystal would coincide [45] ,
re 541 and 535 K for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs, re-
pectively. 
Fig. 4. Calculated functions of enthalpy and en- 

tropy between liquid and crystalline state for 

Gd 55 Co 17.5 Al 27.5 (a) and Gd 55 Co 22.5 Al 22.5 (b) al- 

loys. T g , T m , T K , ΔH m and ΔS m are indicated. 
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Fig. 5. Temperature dependence of viscosity at the vicinity of T g for 

Gd 55 Co 17.5 Al 27.5 (a) and Gd 55 Co 22.5 Al 22.5 (b). Additionally, DSC traces of the 

glass formers measured with the same heating rate of 10 K/min are included, 

and the characteristic temperatures are confirmed by tangent method. 

 

i  

l  

T  

t  

W  

t  

v  

t  

o  

p  

t  

[  

a  

n  

f  

u  

o  

G

3

 

m  

i
B  

d  

f  

s  

m  

w  

Fig. 6. (a) Linear thermal expansion curves with a heating rate of 10 K/min for 

Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs, the inset presents the definition 

of T r and T g . (b) Linear thermal expansion curves combined with temperature 

dependence of the loss modulus ( E ″ ) measured at 1 Hz with a heating rate of 

2 K/min for the Gd 55 Co 22.5 Al 22.5 BMG. 
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For further understanding GFA from the view of kinetics, the viscos-
ty of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs in the supercooled
iquid region was measured and shown in Fig. 5 (a) and (b), respectively.
he DSC traces measured with the same heating rate are placed below
he viscosity data. It is clear that these two alloys exhibit the same trend.

ith the temperature increasing from the onset temperature of glass
ransition ( 𝑇 𝑜𝑛𝑠𝑒𝑡 

𝑔 
) to the end temperature of glass transition ( 𝑇 𝑒𝑛𝑑 

𝑔 
), the

iscosity is discrete and drops gradually. Further increasing the tempera-
ure beyond 𝑇 𝑒𝑛𝑑 

𝑔 
, the viscosity decreases drastically from the magnitude

f 10 11 to 10 7 , reflecting the softening behavior of the BMGs in their su-
ercooled liquid regions in which after full relaxation, the atoms begin
o rearrange, forming numerous clusters with different central atoms
46] . As the temperature rises above T x , the viscosity increases sharply
nd reaches the same order of magnitude as that of glassy state, sig-
ifying that this method is reliable in measuring viscosity, especially
or supercooled liquid region. It is noteworthy that the supercooled liq-
id regions demarcated by the viscosity curve are consistent with those
btained from the DSC trace as marked in Fig. 5 , and it is clear that
d 55 Co 17.5 Al 27.5 presents a broader supercooled liquid region. 

.4. Thermal expansion behavior 

Dilatometric measurements were performed to investigate the ther-
al expansion behavior of the studied BMGs. Fig. 6 (a) presents the typ-

cal thermal expansion traces of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 

MGs. The transition temperature ( T r ) and T g obtained from TMA are
efined in the inset. The dilatation curve can be roughly divided into
our regions. Below T r , the temperature dependence of thermal expan-
ion is nearly linear. In the temperature interval from T r to T g , the ther-
al expansion slows down and comes to stop at a certain temperature,
hich is similar with the phenomena reported in Fe-based [47] , Zr-
ased [48] and other Gd-based [49] MGs. Subsequently, the length of
ample undergoes a remarkable decrease due to the softening behavior
n supercooled liquid region and the applied force [50] . After complete
rystallization, the length re-increases with increasing temperature. It is
bvious that the thermal expansion behaviors of these two alloys in the
upercooled liquid region are significantly different. For comparison,
he values of contraction in supercooled liquid region are calculated as
hown in Fig. 6 (a), which are 0.0281 and 0.0147 for Gd 55 Co 17.5 Al 27.5 

nd Gd 55 Co 22.5 Al 22.5 BMGs, respectively. 

.5. Magnetocaloric effect 

The temperature dependence of magnetization curves for
d 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 glassy rods are shown in
ig. 7 (a). A sharp magnetic transition from FM to PM state is observed
here the magnetization decreases dramatically upon heating for both
lloys. The ordering temperatures ( T C ) defined as the temperature
orresponding to the maximum value of |dM/dT| for Gd 55 Co 17.5 Al 27.5 

nd Gd 55 Co 22.5 Al 22.5 BMGs are 95 and 104 K, respectively, as marked
n the inset of Fig. 7 (a). 

ΔS M 

is used to evaluate the MCE of magnetic refrigerants. The cor-
esponding ΔS M 

caused by the applied magnetic field change can be
alculated by integrating the Maxwell relation described as the follow-
ng equation [51] : 

𝑆 𝑀 

( 𝑇 , 𝐻 ) = ∫
𝐻 𝑚𝑎𝑥 

𝐻 

(
𝜕𝑀 

𝜕𝑇 

)
𝐻 

𝑑𝐻 (6) 
𝑚𝑖𝑛 
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Fig. 7. (a) Temperature dependence of the M ZFC and M FC curves under an applied magnetic field of 100 Oe for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs, − ΔS M 
as a function of temperature under a magnetic field change of 0.5, 1, 2, 3, 4 and 5 T for Gd 55 Co 17.5 Al 27.5 (b) and Gd 55 Co 22.5 Al 22.5 (c) BMGs, and (d) the relationship 

between − Δ𝑆 
𝑝𝑘 

𝑀 

and T a (the annealing time was set as 60 min for all temperatures), the temperature axis is normalized with T g . For comparison, the as-cast samples 

are considered to be annealed at RT (300 K). 

Table 2 

Critical diameter ( d c ) and magnetocaloric parameters of Gd 55 Co 17.5 Al 27.5 , 

Gd 55 Co 22.5 Al 22.5 and other ternary Gd-based BMGs taken from Refs: magnetic transition 

temperature ( T C ) obtained under a magnetic field of 100 Oe, peak value of the magnetic 

entropy change ( |Δ𝑆 
𝑝𝑘 

𝑀 

|) and relative cooling power ( RCP ) under a magnetic field of 5 T. 

Composition d c (mm) T C (K) |Δ𝑆 
𝑝𝑘 

𝑀 
| (J kg − 1 K − 1 ) RCP (J kg − 1 ) Reference 

Gd 55 Co 17.5 Al 27.5 8 95 9.48 843 This work 

Gd 55 Co 22.5 Al 22.5 3 104 9.66 808 This work 

Gd 60 Co 25 Al 15 5 124 9.3 800 [19] 

Gd 55 Ni 20 Al 25 3.5 71 7.98 782 [18] 

Gd 55 Fe 25 Al 20 – 230 3.77 811 [81] 
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here H min and H max represent the minimum and maximum values
f applied magnetic field. In this study, H min = 0 T and H max = 5 T.
ig. 7 (b) and (c) shows the field and temperature dependence of − ΔS M 

or Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs. It is obvious that the
 ΔS M 

increases and the position of the peak magnetic entropy change
 |Δ𝑆 

𝑝𝑘 

𝑀 

|) shifts to higher temperature with the increase of magnetic

eld. The |Δ𝑆 

𝑝𝑘 

𝑀 

| of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 under the
eld change of 5 T reach as high as 9.48 and 9.66 J kg − 1 K 

− 1 around T C ,
hich are comparable to those of most ternary Gd-based BMGs as listed

n Table 2 . Moreover, it is clear that the combination of the relatively
arge value of |Δ𝑆 

𝑝𝑘 

𝑀 

| and the broad ΔS M 

hump at the vicinity of T C en-
bles a large working temperature range. To better understand the MCE,
eat treatments are performed on base of the results of Section 3.2 . The
ffect of T a on |Δ𝑆 

𝑝𝑘 

𝑀 

| can be divided into three regions as displayed in
ig. 7 (d), which will be discussed in the following section. 

The relative cooling power ( RCP ) is another important parameter to
valuate the efficiency in a refrigeration cycle. In this study, the value
f RCP was obtained by multiplying |Δ𝑆 

𝑝𝑘 

𝑀 

| and 𝛿T FWHM 

[52,53] . The
alues of RCP for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs are 843
nd 808 J kg − 1 , which are remarkably larger than that of Gd 5 Si 2 Ge 2 
54] and Gd 5 Si 2 Ge 1.9 Fe 0.1 [55] crystalline refrigerants as well as most
d-based amorphous refrigerants as listed in Table 2 . The high RCP can
e attributed to the relatively large ΔS M 

and the broad 𝛿T FWHM 

extended
y the glassy structure. 

. Discussion 

.1. Thermal stability of the glass formers 

To further confirm the existence of T ct , the studied enthalpy of the
MGs is defined as the integration of the heat flow from T 1 ( ∼583 K
or Gd 55 Co 17.5 Al 27.5 , ∼550 K for Gd 55 Co 22.5 Al 22.5 ) at which the struc-
ural relaxation starts to T 2 (638 K for Gd 55 Co 17.5 Al 27.5 , 620 K for
d 55 Co 22.5 Al 22.5 ) where all the samples are in the supercooled liquid

egion, indicating the enthalpy is assumed to be the same regardless
f the thermal history [56] . As shown in Fig. 8 (a), the enthalpy first
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Fig. 8. (a) Enthalpy versus T g scaled T a , and the inset exhibits the schematic diagram of PEL. HRTEM and SAED images of the Gd 55 Co 17.5 Al 27.5 (b) and Gd 55 Co 22.5 Al 22.5 

(c) BMGs annealed at T ct for 60 min, and (d) temperature dependence of crystallization time of 1% and 99% for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs. 
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ncreases with increasing T a , indicating the enhancement of thermo-
ynamic stability. During the isothermal process, the nonequilibrium
lass relaxes towards the equilibrium supercooled liquid state which
s a more thermodynamically stable state. Consequently, the relaxed
amples need to absorb more energy to active crystallization. When
he T a is above T ct , the enthalpy decreases. The Gd 55 Co 17.5 Al 27.5 BMG
hows higher thermal stability with respect to its higher T ct , leading
o a larger GFA. Fig. 8 (b) and (c) displays the HRTEM images of these
wo BMGs annealed at their T ct . The selected area electron diffraction
SAED) patterns in the inset show diffuse halo rings without any
iffracted spots, verifying their amorphous structure. However, a few
RO or even scarce NC structures embedded in the disordered matrix

an be observed. When T a is beyond T ct , a certain number of clusters
ill arise and the release of free volume becomes more significant,
hich leads to the reduction of enthalpy. By annealing below T g ,
Gs regains its mobility and relax towards supercooled liquid state

orresponding to the states with lower potential energy in potential
nergy landscape (PEL) [36,39] . As shown in the inset of Fig. 8 (a),
here are many possible metastable states in amorphous alloys. The
morphous alloy is more stable in thermodynamics at lower energy
tates (state 2) and with higher energy barrier corresponds to higher
inetic stability (state 1) [57] . T g just reflects the dynamic stability,
.e., the energy barrier of states in PEL. Therefore, there may be some
ocal drop with the increase of T a as shown in Fig. 2 (a) and (b). 

Sluggish crystallization is another reflection of the thermal stability
f glass-forming alloys. Fig. 8 (d) exhibits temperature dependence
f crystallization time at different crystallization fraction of 1% and
9% which can be obtained by integrating the crystallization peak
o a certain time on the measured isothermal DSC curves. Appar-
ntly, the crystallization time of Gd 55 Co 17.5 Al 27.5 is longer than that
f Gd 55 Co 22.5 Al 22.5 at every reduced temperature, even though the
sothermal annealing temperatures of Gd 55 Co 17.5 Al 27.5 are higher
han those of Gd 55 Co 22.5 Al 22.5 as shown in Fig. 2 (c) and (d). This
esult is consistent with the larger supercooled liquid region for
d 55 Co 17.5 Al 27.5 . It is worth noting that the difference of crystallization

ime for 1% between Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 increases
ith the increase of temperature, indicating the Gd 55 Co 17.5 Al 27.5 BMG
ossesses higher crystallization resistance even at high T / T x over
.955. The crystallization process of amorphous alloys is extremely
ensitive to temperature. The relatively large crystallization resistance
t high temperature which may resulting from the competition of
wo large clustered structural units [37,58] is a guarantee of high
hermal stability of MGs. To further confirm the relatively sluggish
rystallization, the Kissinger’s method was performed by a serious of
SC curves with different heating rates [59] . The values of the effective
ctivation energy for glass transition ( E g ) and crystallization ( E x ) were
hen determined to be 8.07 and 5.11 eV for Gd 55 Co 17.5 Al 27.5 while
.75 and 4.89 eV for Gd 55 Co 22.5 Al 22.5 . The larger values of E g and E x 
or the Gd 55 Co 17.5 Al 27.5 BMG lead to higher energy barrier for the
ransition from glassy state to crystalline state, which corresponds to
 more stable supercooled liquid region [60] . As a result, the sluggish
rystallization kinetics of the Gd 55 Co 17.5 Al 27.5 BMG contributes to the
igh thermal stability, and therefore results in a better GFA. 

.2. Thermodynamic and kinetic analyses 

At present, it is of great difficulty to directly observe the microstruc-
ure of MGs, and thus the explanation of GFA from thermodynamic and
inetic aspects is more available [61] . From the thermodynamic aspect,
he Gibbs free energy difference between liquids and crystal ( Δ𝐺 

𝑙− 𝑥 )
s considered to correlate with GFA, that is, smaller Δ𝐺 

𝑙− 𝑥 means a
ower driving force for crystallization, inclining to form amorphous
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Fig. 9. (a) Gibbs free energy functions of the studied Gd-based alloys investigated in this study (solid lines), together with other four typical metallic glass formers 

(dashed lines). The temperature axis is normalized with T m . (b) Viscosity versus 𝑇 ∗ 
𝑔 
∕ 𝑇 for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs, and the plots are fitted by 

VFT equation. 
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lloys [62,63] . Δ𝐺 

𝑙− 𝑥 ( T ) is calculated from Eq. (7) . 

𝐺 

𝑙− 𝑥 ( 𝑇 ) = Δ𝐻 

𝑙− 𝑥 ( 𝑇 ) − 𝑇 Δ𝑆 

𝑙− 𝑥 ( 𝑇 ) (7)

Fig. 9 (a) shows the calculated Δ𝐺 

𝑙− 𝑥 ( T ) curves of Gd 55 Co 17.5 Al 27.5 

nd Gd 55 Co 22.5 Al 22.5 together with the curves of Fe-, Zr-, Mg- and Au-
ased metallic glass formers taken from literatures [33,34,36,64] . The
emperature axis is normalized by T m 

to allow an overall comparison.
ccording to the thermodynamic theory, the driving force for crystal-

ization can be characterized by Δ𝐺 

𝑙− 𝑥 approximately [61] . As shown
n Fig. 9 (a), Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs show the ex-
ected behavior, namely, the Δ𝐺 

𝑙− 𝑥 is negatively correlated with GFA.
arger Δ𝐺 

𝑙− 𝑥 for the Gd 55 Co 22.5 Al 22.5 BMG means that the crystalliza-
ion of this alloy dominates the competition with glass transition during
ooling from liquid. However, simply thermodynamic considerations
uch as Δ𝐺 

𝑙− 𝑥 is insufficient to accurately predicate the GFA, especially
or different alloy systems. The true thermodynamic driving force for
ucleation is determined by the chemical potential difference between
wo states [65] . Nevertheless, Δ𝐺 

𝑙− 𝑥 can still be used to evaluate the
FA preliminarily for the same alloy system. 

In terms of dynamics, viscosity and fragility concepts proposed by
ngell are the widely accepted approaches to elucidate the possible
echanisms for GFA [66] . Liquids are stronger when the thermophys-

cal properties such as viscosity, diffusivity, relaxation time, etc. show
 more Arrhenius behavior [67] . Generally, the large viscosity of su-
ercooled liquid corresponds to sluggish kinetics, and enhances the
hermal stability of supercooled liquid region. As shown in Fig. 9 (b),
d 55 Co 17.5 Al 27.5 exhibits a larger viscosity in its supercooled liquid re-
ion than Gd 55 Co 22.5 Al 22.5 , and the difference increases with increas-
ng of temperature, indicating that the Gd 55 Co 17.5 Al 27.5 alloy possesses
ore sluggish kinetics in the supercooled liquid region upon heating.
he viscosity of MGs deviates from Arrhenius relation and can be fitted
y the following Vogel–Fulcher–Tamman (VFT) equation: 

= 𝜂0 exp 
( 

𝐷 

∗ ⋅ 𝑇 0 
𝑇 − 𝑇 0 

) 

(8)

ere, 𝜂0 is the pre-exponential factor, D 

∗ is the fragility parameter, and
 0 is VFT temperature, which is far below the experimentally mea-
ured T g . The best fitting results are listed in Table 1 . Obviously, the
d 55 Co 17.5 Al 27.5 BMG shows a stronger behavior in consideration of its

arger values of D 

∗ and T g / T 0 (1.72, which is 1.47 for Gd 55 Co 22.5 Al 22.5 ).
urthermore, the fragility index m corresponding to the slope of viscos-

ty ( 𝑚 = 𝑑 ( 𝑙𝑜𝑔𝜂)∕ 𝑑 ( 
𝑇 ∗ 𝑔 

𝑇 
)) is another common parameter to characterize

he fragility of a glass former. According to Ref. [68] , m can be derived
rom D 

∗ ( 𝑚 = 16 + 

590 
𝐷 

∗ ). The m value of amorphous alloys is usually be-
ween 25 and 100. Generally, amorphous alloys with m less than 35 are
lassified as strong glass formers including Zr-, Cu-, Mg-based MGs [57] .
he m values for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs are 36.9
nd 44.6, respectively, indicating that Gd 55 Co 17.5 Al 27.5 is a stronger
lass former. Indeed, m reflects the activation energy of liquid flow. A
ollective rearrangement of groups of particles is predominant in frag-
le liquids, compared with small local rearrangements in strong liquids
46] . Thus, the Gd 55 Co 17.5 Al 27.5 BMG possess more sluggish crystalliza-
ion kinetics and tend to be a better glass former. 

Relaxation is another characteristic of glass, which is of great sig-
ificance to understand the intrinsic dynamic characteristics of glass-
orming alloys. Fig. 10 (a) and (b) displays the temperature dependent
oss modulus E ″ of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs exhibit-
ng two distinct peaks, i.e., a sharp 𝛼-relaxation peak at the vicinity of T g 
nd a pronounced 𝛽-relaxation peak around 0.75 T g . It is clear that the
eak temperature of the 𝛼-relaxation shifts to higher temperature with
he frequency increasing from 0.2 to 2 Hz. As the 𝛼-relaxation is closely
elated to glass transition and behaves in Arrhenius type [69] , the acti-
ation energy of 𝛼-relaxation ( E 𝛼) can be derived from Arrhenius plots
s shown in the insets of Fig. 10 (a) and (b). According to Ref. [70] , the
ragility index m can be determined from E 𝛼 ( 𝑚 = 

𝐸 𝛼

𝑅 𝑇 𝑔 𝑙𝑛 10 
, in this study,

 g is the peak temperature of the 𝛼-relaxation under 1 Hz). The values of
 are 36.7 ± 1.9 and 44.2 ± 2 for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 

MGs, respectively, which are highly consistent with the values ob-
ained from the analysis of viscosity. Fig. 10 (c) and (d) exhibits the
requency dependence of 𝛽-relaxation and the insets are the Arrhenius
lots of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs. Due to the lack
f distinct peak corresponding to 𝛽-relaxation, the method presented in
ef. [71] was performed to obtain the activation energy of 𝛽-relaxation
 E 𝛽). The values of E 𝛽 for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs
re 24.8 and 23.8 RT g , respectively. Actually, the value of E 𝛽 for differ-
nt MGs is in the range of 20 - 30 RT g , implying the coherent nature
f 𝛽-relaxation despite of the various forms of 𝛽-relaxation for different
morphous alloys. Nevertheless, there are some difference on the style
f 𝛽-relaxation for these two glass formers. As shown in Fig. 10 (c) and
d), the 𝛽-relaxation of the Gd 55 Co 17.5 Al 27.5 BMG displays as a broader
ump compared with that of the Gd 55 Co 22.5 Al 22.5 BMG, resulting from
he open network structures with strong directional bonds which resist
emperature-induced structural change in strong glass former [72] . The
esults of DMA also demonstrate that the Gd 55 Co 17.5 Al 27.5 BMG shows
 stronger behavior. 

The above analyses indicate that the better GFA of Gd 55 Co 17.5 Al 27.5 

lloy can be attributed to its stronger liquid behavior and lower driving
orce for crystallization. In order to understand the structural origin of
he different GFA of these two glass formers, the densities of MGs were
easured at RT using Archimedean technique, and the relative density
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Fig. 10. Temperature dependence of loss modulus ( E ″ ) for Gd 55 Co 17.5 Al 27.5 (a), (c) and Gd 55 Co 22.5 Al 22.5 (b), (d) BMGs at a heating rate of 2 K/min from 0.2 to 2 Hz. 

The green region identifies 𝛼-relaxation and the yellow region represents 𝛽-relaxation. The insets show the Arrhenius plots. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article). 
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hange was carried out ( Δ𝜌 = [ 𝜌𝑐 − 𝜌0 ]∕ 𝜌0 , where 𝜌c is the density of
rystal, and 𝜌0 is the density of glass). According to previous study, the
ensity of the amorphous state is closely related to glass formation and
he relative density change can reflect the fragility and concentration of
ow units [73,74] . In this study, the values of Δ𝜌 are 0.44% and 1.21%

or Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs, respectively, which
anifests that the concentration of flow units for the Gd 55 Co 17.5 Al 27.5 

MG is lower than that of the Gd 55 Co 22.5 Al 22.5 BMG. For MGs with
ower concentration of flow units, the corresponding metallic liquid has
arger viscosity and smaller fragility, leading to a higher resistance for
he rearrangement of atoms from liquid to crystal. After complete crys-
allization, the flow units will disappear, resulting in the reduction of
olume and the augmentation of density. On the other hand, flow units
an be regarded as nucleation points due to the relatively high struc-
ural fluctuation and energy fluctuation. Therefore, the relatively lower
riving force for crystallization of the Gd 55 Co 17.5 Al 27.5 BMG may orig-
nate from the lower concentration of flow units comparing with the
d 55 Co 22.5 Al 22.5 BMG. Based on the above discussion, thermodynamic
nd kinetic characteristics may be connected by flow units to evaluate
FA. 

.3. Correlation between GFA and thermal expansion 

MGs may present some unique thermal expansion phenomena, and
he study of thermal expansion behavior is conducive to understand
FA. As shown in Fig. 6 (b), a correlation between thermal expansion
nd dynamical relaxation can be established. The T r confirmed by ther-
al expansion corresponds to the transition region from 𝛽-relaxation to
- relaxation. In other words, below T r , although 𝛽-relaxation has been
rogressing in a wide temperature range, no obvious change in ther-
al expansion behavior can be detected. Once 𝛼- relaxation is activated,
he thermal expansion deviates from the linear behavior, indicating that
he drastic contraction is controlled by 𝛼- relaxation. At temperatures
ell below T g , the configurational contribution to thermal expansion

s structurally frozen, and the vibration dominates the thermal expan-
ion process. With temperatures passing through T g , the configurational
ontribution to thermal expansion becomes significant and more promi-
ent with the increase of temperature, which can counteract the posi-
ive vibrational contribution and lead to the shrinkage [48] . Compared
ith the Gd 55 Co 22.5 Al 22.5 BMG, the Gd 55 Co 17.5 Al 27.5 BMG possesses
roader supercooled liquid regions and higher relaxation temperatures,
nd thus, the contraction resulting from the configurational contribution
s more remarkable as shown in Fig. 6 (a). Based on the above analyses,
he value of contraction in supercooled liquid region may be used to
valuate GFA within the same alloy system. However, a more precise
elationship between the value of contraction and GFA depends on fur-
her research. 

.4. Magnetic transition 

The inset of Fig. 11 (a) displays the isothermal magnetization
 M–H ) curves of the as-cast Gd 55 Co 17.5 Al 27.5 BMG measured at a serious
f temperatures with the external magnetic fields varying from 0 to 5 T.
t low temperatures, the magnetization increases sharply by applying a
uite small field, and then reaches a saturation with the further increase
f magnetic field, which shows a typical FM behavior. As the tempera-
ure increases from 2 to 200 K, the saturation magnetization decreases
radually from near 200 to less than 25 emu/g, undergoing a magnetic
ransition from FM to PM. Fig. 11 (a) exhibits the corresponding Ar-
ott plots of Gd 55 Co 17.5 Al 27.5 glassy rod derived from the M–H curves.
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Fig. 11. (a) Arrott plots and isothermal magnetization curves for the as-cast 

Gd 55 Co 17.5 Al 27.5 BMG, and (b) temperature dependence of the exponent charac- 

terizing the field dependence of ΔS M for Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 

BMGs. The inset of (b) exhibits the −Δ𝑆 
𝑝𝑘 

𝑀 

as a function of H around T C for the 

Gd 55 Co 17.5 Al 27.5 BMGs annealed at different temperatures, and the dash lines 

represent the fitting curves according to Δ𝑆 
𝑝𝑘 

𝑀 

= 𝐻 

𝑛 . 
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ccording to the Banerjee’s theory, the positive slopes is considered as
he characteristic of a second-order magnetic transition; otherwise, it
s identified as a first-order magnetic transition [75] . It is evident that
o negative slopes can be observed on Arrott plots within the whole
emperature range, providing a proof of a second-order FM to PM tran-
ition in the Gd 55 Co 17.5 Al 27.5 BMG, implying this magnetic refrigerant
ossesses low hysteresis. 

A deeper understanding of the second-order magnetic transition ob-
erved in Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs can be obtained
ased on the theory proposed by Franco et al. [76] . The calculated n ver-
us temperature is shown in Fig. 11 (b), which can be divided into three
emperature regions [77] . When the temperatures are well above T C , the
aterial exhibits paramagnetic behavior, and the value of n tends to 2

ccording to the Curie-Weiss law. With the temperatures well below T C ,
agnetization is temperature independent and the value of n is towards
 as the consequence of Eq. (6) . The values of n are 0.759 and 0.738
or Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 at T C , respectively, which are
onsistent with the value predicted by the Arrott–Noakes equation [78] ,
nd confirm the nature of a fully amorphous structure. The temperature
ependence of n further ascertains the second-order magnetic transition
n the studied BMGs, which is a guarantee of low hysteresis losses and
roader 𝛿T FWHM 

. 
The heterogeneity and complexity of BMGs are supposed to have an

ffect on MCE [20,79] . The Gd-based BMGs analyzed in this study ex-
ibit excellent MCE, and ΔS M 

can be further enhanced by structural ad-
ustment through annealing as shown in Fig. 7 (d). If T a is much less than
 g (region A), annealing leads to structural relaxation and stress relief,
ut the enhancement of |Δ𝑆 

𝑝𝑘 

𝑀 

| is insignificant due to the preservation of
ainly short-range order (SRO) and a small number of MRO. In region
, |Δ𝑆 

𝑝𝑘 

𝑀 

| reaches its maximum (for the Gd 55 Co 17.5 Al 27.5 BMG, from
.48 to 9.9 J kg − 1 K 

− 1 ) resulting from the more complicated microstruc-
ure with a large number of SRO, increased MRO and even scarce NC
tructures as shown in Fig. 8 (c), where amorphous phase is magnetically
oupled [80] . However, as T a is above T g , |Δ𝑆 

𝑝𝑘 

𝑀 

| decreases sharply with
he increase of T a attributed to the formation of long-range ordered crys-
alline structures, which lead to the deterioration of saturation magne-
ization. Furthermore, annealing treatment can change the relationship
etween ΔS M 

and magnetic field. The inset of Fig. 11 (b) displays the
agnetic field dependence of −Δ𝑆 

𝑝𝑘 

𝑀 

for the Gd 55 Co 17.5 Al 27.5 BMG. It
s clear that the samples annealed in region A and region B (the values
f n are 0.768 and 0.773, respectively) except for region C ( n = 0.951)
xhibit similar tendency to the as-cast BMG ( n = 0.759). This difference
ould be understood considering the fact that n value depends on the
egree of magnetic frustration and structural heterogeneity [24] . The
agnetic frustration decreases with increasing crystalline degree due to

he easy magnetization direction of crystal. Smaller magnetic frustration
eads to softer tendency for the magnetic moment to align with the ex-
ernal filed, and thus a larger n value is obtained in region C. Although
he value of n for region C is the largest, the magnetic field of 46.2 T
eeds to be applied in order to reach the same magnitude of |Δ𝑆 

𝑝𝑘 

𝑀 

| for
hat of the as-cast sample, which is impossible under the existing exper-
mental conditions. The large |Δ𝑆 

𝑝𝑘 

𝑀 

| and the relatively high value of n
uarantee the excellent MCE of the samples in region A and region B. 

. Conclusions 

In present work, novel ternary Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 

l 22.5 BMGs with different critical size were synthesized. The critical
iameter of Gd 55 Co 17.5 Al 27.5 BMG is up to 8 mm which is the largest
n the ternary Gd-based BMGs reported up to now, while the GFA of
he Gd 55 Co 22.5 Al 22.5 BMG is only 3 mm in critical diameter. The dis-
inct difference on GFA was intensively illustrated from thermodynamic
nd kinetic aspects. Compared with the Gd 55 Co 22.5 Al 22.5 BMG, the
d 55 Co 17.5 Al 27.5 BMG exhibits higher thermal stability manifested as a

arger value of T ct and more sluggish crystallization kinetics. The lower
riving force for crystallization, stronger liquid behavior and higher con-
entration of flow units are considered to be the origination of larger
FA for the Gd 55 Co 17.5 Al 27.5 BMG. The investigation of linear thermal
xpansion exhibits that the Gd 55 Co 17.5 Al 27.5 BMG displays a larger con-
raction in supercooled liquid region, which may be used to evaluate
FA. 

In addition, the MCE of Gd 55 Co 17.5 Al 27.5 and Gd 55 Co 22.5 Al 22.5 BMGs
ere studied. The effect of annealing on Δ𝑆 

𝑝𝑘 

𝑀 

can be divided into
hree regions depending on the microstructures induced by annealing.
 more complicated microstructures encompassing mainly SRO, MRO
nd scarce NC structure can enhance ΔS M 

. The combination of rela-
ively large ΔS M 

, predominant RCP as well as nearly negligible magnetic
ysteresis guarantee the studied Gd-based BMGs promising magnetic re-
rigerants. 
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