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A B S T R A C T   

The influence of degree of structural order tuned by annealing on magnetocaloric properties of 
Gd55Co20Al24.5Si0.5 bulk metallic glass (MG) was investigated. It is uncovered that moderate enhancement of 
structural order can increase the magnetocaloric effect (MCE), but excessive degree of structural order reduces 
the MCE. Through tuning the degree of structural order, the maximum magnetic entropy change of the MG 
annealed at 536 K for 60 min reaches 10.8 ± 0.6 JKg-1K− 1 under 5 T, which is the highest value of the Gd-based 
MGs, indicating the promising prospect of these alloys as magnetic refrigerant candidates. Besides, it’s found that 
the degree of structural order, reflected by the crystallization enthalpy change, and the magnetic entropy change 
have a good linear correspondence, which sheds new light on the nature of MCE in MGs and is of significance to 
the design of novel amorphous magnetic refrigerants.   

During the past decades, the magnetocaloric properties of magnetic 
solids have gained considerable attention in both academia and engi-
neering [1–10]. Among them the metallic glasses are promising mag-
netic refrigerant due to their many beneficial features, such as high 
resistance, low eddy current loss, low coercivity, and large refrigerant 
capacity [11–13]. And great efforts have been devoted to achieving 
large or giant magnetocaloric effect (MCE) by developing new alloy 
system, irradiation, hydrogenation and making alloys into composite, 
etc [14–19]. However, the interplay between structure and magneto-
caloric properties is not well understood until now in MGs because of the 
disordered and heterogeneous nature [20–23]. 

MGs are generally prepared by rapid cooling of a high-temperature 
melt, and thus are intrinsic unstable or metastable in nature. There-
fore, heat treatment can change easily the disordered structure and 
energy state of the system, causing it to relax to a more stable glassy state 
with higher degree of structural order or crystallize (after annealing 
below or above crystallization temperature, Tx). Tuning structural order 
of MGs through annealing has been widely used to adjust mechanical 
properties of Zr-based MGs and soft magnetic performance of Fe-based 
MGs [24,25]. Some researches about the effect of crystallization on 
magnetocaloric property of MGs have also been reported, which find 

that crystallization usually reduces the MCE [26,27]. In a few in-
vestigations, table-like feature or enhancement of MCE after partial 
crystallization was obtained due to formation of some metastable in-
termediate phases [28–30]. In addition, little or slightly beneficial ef-
fects of annealing below glass transition temperature (Tg) on MCE were 
also observed in a few MG systems [30,31]. However, the correlation 
between degree of structural order and MCE is still rather elusive in 
MGs, which is hindering the development of amorphous magnetic 
cooling refrigerant. 

In this paper, the influence of degree of structural order on magne-
tocaloric performance of Gd55Co20Al24.5Si0.5 bulk MG with excellent 
glass forming ability was explored [32]. We prepared alloys with 
different degrees of structural order and heterogeneity, remaining the 
complete amorphous structure, by controlling the isothermal annealing 
temperature (below Tx) and time. It is found that moderately enhanced 
degree of structural order can increase the MCE, but excessive degree of 
structural order reduces the MCE, indicating the existence of an optimal 
degree of structural order for achieving optimal MCE for a given MG. By 
tuning the degree of structural order, a maximum magnetic entropy 
change of 10.8 ± 0.6 JKg-1K− 1 under 5 T has been obtained, which is the 
highest value of the Gd-based MGs reported. Moreover, a nearly linear 
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correlation between the degree of structural order and MCE is observed. 
These findings are of importance to develop advanced MG and related 
composite systems with excellent MCE. 

The alloy ingot with nominal composition of Gd55Co20Al24.5Si0.5 was 
prepared by arc-melting Gd (99.9%), Co (99.99%), Al (99.99%) and Si 
(99.99%) under a Ti-gettered purified argon atmosphere. The ingot was 
repeatedly melted five times to obtain good chemical homogeneity and 
then was sucked into copper mold under a high-purity argon atmosphere 
to get a cylindrical rod with 2 mm in diameter and about 70 mm in 
length. At last, 8 wafer samples with the thickness of 1 mm were cut 
from the same cylindrical rod to minimize the error of experimental 
results. Isothermal annealing was carried out in Al2O3 pans by using 
differential scanning calorimeter (DSC, NETZSCH DSC 404F3) under 
flowing high purity argon. The microstructure of the alloys was inves-
tigated by X-ray diffraction (XRD, rigaku smartlab) with Cu Kα radiation 
with a scan rate of 2◦/min and high-resolution transmission electron 
microscopy (HRTEM, FEI Tecnai G2F20). The magnetocaloric properties 
were investigated by a SQUID magnetometer (MPMS, Quantum Design 
SQUID-VSM). Vickers hardness (Hv) is the average of eight measure-
ments by the Vickers micro-hardness tester (FM-700, FUTURE-TECH) 
under a load of 4.9 N. 

To tune the degree of structural order, seven groups of samples were 
annealed at different temperatures around Tg (596 K) for different time 
intervals: 536 K ~ 0.9 Tg (60 min), 578 K ~ 0.97Tg (60 min) and 620 K 
~ 1.04 Tg (30, 35, 40, 50 and 60 min), respectively. As presented in 
Fig. 1(a), the XRD patterns of all the as-cast and annealed MGs exhibit 
broad diffused peaks and no obvious sharp peak corresponding to 
crystallization phase, which indicates the outstanding thermal stability. 
In addition, note that the diffraction peak around 32◦ of the alloy 
annealed at 620 K for 60 min is sharper than that of the others, which 
indicates its most ordered local structure. Fig. 1(b) presents the DSC 
curves of the as-cast and annealed MGs measured at a heating rate of 40 
K/min. It can be seen clearly that all the annealed MGs show clear glass 
transition and crystallization events, and both the height of the crys-
tallization peak and crystallization enthalpies (the inset) decrease 
gradually with increasing annealing temperature and/or time. This in-
dicates that the degree of structural order of the MG increases gradually 
upon annealing. 

The HRTEM patterns of three typical alloys are shown in Fig. 2(a-c) 
to reveal more deeply the structural changes after annealing. At first 
sight, all the patterns look similar, irregular and maze-like, exhibiting 
typical amorphous feature without any nanocrystal, which agrees with 
the XRD results. However, some slight difference can be observed in the 
corresponding selected area electron diffraction (SAED) patterns (the 
insets). The halo ring becomes thinner for the MG annealed at 578 K for 

60 min than that of the as-cast MG, and more diffraction rings appear for 
the MG annealed at 620 K for 60 min. This implies that the local 
structure of the MGs becomes gradually ordered after annealing, 
creating more and more crystal-like clusters as precursors of crystalli-
zation. The Reduce Density Function (RDF) curves calculated from the 
SAED patterns are shown in Fig. 2(d) [33], all of which have three peaks 
(marked as P1, P2, P3, respectively). Fig. 2(e-f) compares the positions 
(Q) and full width at half maximums of the three peaks. It can be seen 
that all the peaks move to lower values with increasing annealing 
temperature, which means the alloy becomes denser and denser. 
Furthermore, the P1 gradually becomes wider after annealing, while the 
P2 and P3 gradually become narrowed. This may reveal that the short- 
range-order clusters become more crystal-like and the medium-range- 
order structures become more heterogeneous. In addition, a shallow 
bulge at 7.5 nm− 1 in the RDF curve of the as-cast MG disappears after 
annealing at 578 and 620 K for 60 min. 

To estimate the area fraction of regions with local crystal-like order, 
the HRTEM image is divided into 144 square boxes with a length of 
1.985 nm, which is similar to the typical size of local crystal-like order. 
And then the square sub-images are transformed into their 2D auto 
correlation images used to evaluate the structure translational symmetry 
[32,34–36], as shown in Fig. 2(g-i). For example, the sub-image located 
in the 5th row and 3rd column in Fig. 2(g) has an obvious symmetric 
fringe, thus we choose it as the demarcation to distinguish the local 
crystal-like order and disorder, and a square sub-image can be consid-
ered to be orderly when it shows clearer fringe than the demarcation 
one. As shown in Fig. 2(g-i), we analyzed all the square sub-images by 
the above method and marked the orderly sub-images by red frame. The 
area fractions of these crystal-like domains in the as-cast MG and the 
MGs annealed at 578 and 620 K for 60 min can be determined to be 
about 6.25%, 11.11% and 17.36%, respectively. It can be seen that the 
annealing increases obviously the degree of structural order, which 
agrees with the SAED results. In addition, in our measurement, we used 
high annealing temperatures (above 0.9Tg). Therefore, it is reasonable 
that medium range ordering processes dominates the relaxation [37]. 
The stress release should be of secondary importance on the magnetic 
behavior. 

The annealing causes structure relaxation and local ordering through 
atom arrangement, which can result in the change of magnetic behav-
iors. Fig. 3 shows the change of field cooling magnetization (M) of the as- 
cast and annealed Gd55Co20Al24.5Si0.5 MGs at 0.05 T from 44 to 154 K. 
All the MGs show clearly a similar ferromagnetic-to-paramagnetic 
transition. As seen from the inset of Fig. 3, the Curie temperature (TC), 
defined by the maximum of -dM/dT, decreases gradually (from 102 to 
88 K) with the increase of annealing temperature and time. 

Fig. 1. (a) XRD patterns and (b) DSC curves of as-cast and annealed Gd55Co20Al24.5Si0.5 MGs, the inset shows the change of crystallization enthalpies.  
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One set of typical isothermal M− H curves of the as-cast MG are 
shown in Fig. 4(a). Below TC, the magnetization rises rapidly and ap-
proaches subsequently to saturation, different from the behavior above 
TC. Fig. 4(b) compares the isothermal magnetization curves of all the as- 
cast and annealed MGs at 44 and 103 K. The saturation magnetization of 
the alloys has slight difference at the lowest temperature of 44 K, but it 
shows obvious and regular changes at 100 K (around TC). Under 100 K, 
the magnetization of the two alloys annealed below Tg exceeds that of 
the as-cast alloy above certain magnetic field, below which there are 
almost the same. But all the other alloys annealed at 620 K (above Tg) 
show smaller magnetization than the as-cast alloy, and the magnetiza-
tion decreases gradually with increasing annealing time. These results 
indicate that there are some differences between the ordering processes 
of short-to-medium range structures above and below Tg, which have 
different and complex impacts on the magnetic behavior. Magnetic en-
tropy change (-ΔSM) can be calculated from the isothermal magnetiza-
tion curves by using the thermodynamic Maxwell relation [38]. Fig. 4(c) 
shows the temperature dependent magnetic entropy changes under 
different magnetic fields for the as-cast MG. The -ΔSM reaches its 
maximum at TC, and all the other annealed MGs show similar temper-
ature and field dependence of the magnetic entropy change. Usually, 
large saturation magnetization or sharp magnetic transition (large dM/ 
dT) are beneficial to obtain large MCE. In order to find the main factor 
working here, we calculated the dM/dT values of these alloys. It is found 
that the variation trend of the maximum | dM/dT | with annealing 
condition does not match that of the MCE. On the other hand, the 

Fig. 2. (a-c) The HRTEM images of the as-cast MG and MGs annealed at 578 and 620 K for 60 min, the insets are corresponding SAED patterns. (d) The Reduce 
Density Function of the as-cast MG and MGs annealed at 578 and 620 K for 60 min. (e) the positions and (f) full width at half maximums of the three peaks. (g-i) The 
segmentation of the HRTEM images for auto-correlation analysis, the dimension of each sub-image is 1.985 × 1.985 nm2. 

Fig. 3. The temperature dependence of field cooling magnetization of the as- 
cast and annealed MGs at 0.05 T, the insert shows the change of Curie 
temperature. 
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saturation magnetization as shown in Fig. 4(b) and maximum magnetic 
entropy change have the same variation trend with annealing condition. 
To uncover the effect of degree of structural order on the magnetocaloric 
properties, we calculate the ratio of crystallization enthalpy of the 
annealed MGs (HC) to that of the as-cast MG (HC0) and plot the HC/HC0 
dependence of the maximum magnetic entropy change ( − ΔSmax

M ) under 
5 T. Interestingly, a nearly linear relationship between − ΔSmax

M and HC/ 
HC0 (reflecting the degree of structural order) is observed for the 
annealed MGs as shown in Fig. 4 (d). Similar linear relationship is also 
obtained between Vickers hardness (Hv) and HC/HC0. The increase of Hv 
(from 340 to 380) with increasing structural order is due to the gradually 
increased density. Moreover, by tuning the degree of structural order, 
the − ΔSmax

M of present MG system can reach 10.8 ± 0.6 JKg-1K− 1 after 
annealing at 536 K for 60 min, which is larger than the as-cast MG and 
other Gd-based MG systems reported in the literature as shown in Fig. 4 
(e) [3,7,43–50]. Although the − ΔSmax

M increase of the sample annealed 
at 536 K for 60 min is comparable to (slightly larger than) the systematic 
error of 5 to 10%, the present results suggest an improvement in mag-
netic entropy change after annealing. The improvement of − ΔSmax

M may 
be due to the denser structure and enhanced exchange interaction by the 
formation of special short-to-medium-range ordered structures. 

To understand the effect of the degree of structural order on the MCE 

in more detail, the change of the field dependence of -ΔSM is analyzed. 
All the as-cast and annealed MGs show a second-order phase transition 
(SOPT), as can be indicated from the positive slope of the Arrott plots 
[39]. For magnetic materials with a SOPT, − ΔSmax

M and H are found to 
follow the formula [40]: − ΔSmax

M ∝Hn , where n is an exponent of the 
field dependence of − ΔSmax

M . The experimental data and the fitting 
curves are presented in Fig. 5(a). The exponents n for the as-cast MG and 
the MGs annealed at 578 K and 620 K for 60 min are 0.75, 0.77 and 0.76, 
respectively. The MG annealed at 578 K for 60 min has the largest n, 
showing the most sensitivity of − ΔSmax

M to external field change. The 
larger exponent n of the three alloys than 2/3 predicted by the mean 
field theory [41] may come from the inhomogeneous local structures in 
the MGs. In addition, after normalizing -ΔSM and rescaling the tem-
perature as following [42]: 
⎧
⎪⎪⎨

⎪⎪⎩

ΔS’ = ΔSM/ΔSmax
M

θ = (TC − T)/(Tr1 − TC),T < TC

θ = (T − TC)/(Tr2 − TC),T ≥ TC  

where Tr1 and Tr2 correspond to the temperature at half of the peak, the 
obtained ΔS’(θ) curves collapse well onto a single curve for the three 
MGs as shown in Fig. 5(b). This further confirms that these MGs exhibit 

Fig. 4. (a) Isothermal magnetization curves 
of the as-cast MG. (b) Isothermal magneti-
zation curves of the as-cast and annealed 
MGs at 44 and 103 K. (c) Magnetic entropy 
changes of the as-cast MG under different 
field changes. (d) The maximum magnetic 
entropy changes and Vickers hardness of the 
annealed MGs with different crystallization 
enthalpies. (e) Curie temperature and 
maximum magnetic entropy change of 
Gd55Co20Al24.5Si0.5 MG compared with those 
of other Gd-based MGs.   
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SOPT and annealing does not cause crystallization and formation of the 
secondary phases. The universal curve in these alloys also implies that 
their critical exponents are the same and not sensitive to the degree of 
structure order. 

In summary, we tuned MCE of Gd55Co20Al24.5Si0.5 bulk MG via 
controlling the degree of structural order. It is found that the degree of 
structural order plays a significant impact on the magnetocaloric per-
formance of MGs. And large maximum magnetic entropy change of 10.8 
± 0.6 JKg-1K− 1 is obtained for the MG annealed at 536 K for 60 min, 
which is the highest value among the Gd-based MGs. Furthermore, the 
crystallization enthalpy, saturation magnetization and − ΔSmax

M of the 
annealed alloys have a good linear relationship with each other. These 
findings are of great significance to comprehend the nature of MCE in 
MGs and for the development of new amorphous systems with advanced 
magnetic performances. 
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