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A B S T R A C T

Amorphous alloys are garnering increasing attention as promising candidates for magnetic refrigerants. How
ever, their low to medium magnetic entropy changes pose challenges for practical applications, and the rela
tionship between structural heterogeneity and magnetocaloric performance remains poorly understood. In this 
work, the influences of structure order and nanoscale hydride formation on the magnetocaloric effect (MCE) of 
Tb55Co20Al24Si1 amorphous alloy powders are investigated. The degree of structure order tuned by particle size 
plays a significant impact on the MCE, and the powders with medium degree of structure order present the 
largest maximum magnetic entropy change of 7.5 J kg− 1K− 1 under 5 T. After formation of nanoscale hydride by 
hydrogenation, the predominant exchange coupling of the alloy is transformed from ferromagnetic to antifer
romagnetic interaction, accompanied by the disappearance of spin-glass-like freezing behavior. Significantly, the 
maximum magnetic entropy change further increases to 13.2 J kg− 1K− 1 under 5 T, representing an increase of 
56.8 %, and the coercivity shows a considerable reduction. These findings suggest that TbCoAlSiH dual-phase 
alloy holds promise as a novel magnetic refrigeration material at low temperatures.

1. Introduction

Refrigeration technology plays a crucial role in space science and 
technology, large-scale air conditioner, gas liquefaction, chemical pro
cessing, and so on. In contrast to the traditional gas refrigeration tech
nology, magnetic refrigeration technology offers environmental 
friendliness, pollution-free operation, and high refrigeration efficiency 
[1–3]. Therefore, increasing attention has been focused on the devel
opment of various magnetic materials exhibiting advanced magneto
caloric properties [4–12]. Among magnetocaloric materials, the 
crystalline alloys with first-order magnetic transition (FOMT) (such as 
La-Fe-Si, Gd-Si-Ge) may possess giant magnetic effects [13–16], indi
cating their potential as magnetic refrigerants. However, they often 
exhibit magnetic and/or thermal hysteresis, brittleness, and narrow 
magnetic entropy change peak, limiting their practical application. 
Recently, amorphous alloys (AMAs) with second-order magnetic tran
sition (SOMT) are garnering increasing attention, due to their free of 
magnetic/thermal hysteresis, high electronic resistance resulting in 
reduced eddy current losses, and broad magnetic entropy peak leading 
to large refrigeration capability (RC) [17,18]. Nevertheless, their 

medium magnetic entropy changes, which are obviously inferior to 
those of typical crystalline alloys with FOMT [19–21], have been a 
long-standing shortcoming of amorphous alloys as promising magnetic 
refrigerant.

Recently, the introduction of nanocrystals in the amorphous matrix 
has been used to enhance the magnetocaloric effect (MCE) in some rare 
earth-based amorphous alloys [22,23]. Xia et al. discovered that the 
presence of precipitated grains enhanced the magnetocaloric properties 
of a Gd-based metallic glass [24]. Du et al. utilized a rapid quenching 
technique to directly fabricate nanocrystalline dual-phase alloy. The 
maximum magnetic entropy reached 7.8 J kg− 1K− 1 under 5 T, with a 
magnetic refrigeration capacity of 551 J kg− 1 [25]. Sun et al. demon
strated that current annealing induced nanocrystals in GdTbCoAlFe 
metallic glass fibers broadened the refrigeration temperature region and 
enhanced the RC [26]. Huo et al. synthesized GdNiAl amorphous/na
nocrystalline composite microfilaments with a magnetic refrigeration 
capacity of 985 J kg− 1, suggesting the potential application of metallic 
glass composites in the near-room-temperature region [27]. Besides, an 
obvious enhancement of the maximum magnetic entropy change (under 
5 T) from 9.5 J kg− 1K− 1 to 10.7 J kg− 1K− 1 was achieved through 
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modulation of the local structure via cryogenic thermal cycling treat
ment [28]. Nevertheless, the improvement of − ΔSmax

M by precipitating 
these nanocrystals is limited in magnitude, and in many cases, (nano) 
crystallization by annealing deteriorates the MCE performance of AMAs 
[29]. In addition, the majority of these studies have concentrated on 
Gd-based AMAs, primarily because of their magnetic softness across the 
entire temperature range under investigation. Other heavy rare 
earth-based (such as Dy-, Tb-, Ho-, Er-based) AMAs have large magnetic 
hysteresis below the spin freezing temperature [30], which makes them 

less attractive. Simultaneously enhancing the MCE and magnetically 
softening these rare earth-based AMAs with large magnetic hysteresis 
remain a longstanding challenge.

Tb55Co20Al24Si1 composition was chosen due to its large glass 
forming ability and large magnetic moment of the Tb atom [31]. Here, 
we prepared Tb55Co20Al24Si1 amorphous alloy powders and explored 
the effects of degree of local structure order (tuned by powder size) and 
nanoscale hydride formation on their MCE performance. It is revealed 
that powders (25–30 μm in diameter) with medium degree of local 
structure order present the largest maximum magnetic entropy change 
of 7.5 J kg− 1K− 1 (5 T) among the powders with different powder size 
ranges. After hydrogenation, unique dual-phase structure with nano
sized hydrides in the residual amorphous phase is obtained. This 
amorphous/nanocrystalline dual-phase alloy TbCoAlSiH shows distinc
tive enhancement of the maximum magnetic entropy change from 
7.5 J kg− 1K− 1 to 13.2 J kg− 1K− 1 under 5 T and significantly improved 
the magnetic softness. The correlation between dual-phase structure and 
MCE properties is clarified.

2. Experimental section

Tb55Co20Al24Si1 master alloy was prepared by arc-melting in an 
argon atmosphere using a mixture of pure Tb, Co, Al, and Si. The purity 
of the Tb element was better than 99.9 %, and the purity of the Co, Al, 
and Si elements was better than 99.99 wt%. Four types of amorphous 
powders with particle sizes of < 25 μm, 25–30 μm, 30–40 μm, and 40–75 
μm were prepared by gas atomization method. The hydrogenated sam
ple powders were obtained by isothermal hydrogenation experiments at 
a holding temperature of 200 ℃ with a hydrogen gas pressure of 5 MPa 
in a Sieverts-type apparatus (Advanced Materials Corporation, No. 
0360Q). The as-prepared samples at different particle sizes of < 25 μm, 
25–30 μm, 30–40 μm, and 40–75 μm, and the hydrogenated treated 
sample are denoted as P25, P30, P40, P75, and H30, respectively.

The structure of the powders was characterized by Cu-Kα radiation x- 
ray diffraction (XRD, Rigaku SmartLab9k). The high-resolution trans
mission electron microscopy was characterized by transmission electron 
microscopy (TEM, Talos F200X). High-angle annular dark field 
(HAADF) images were recorded using a probe semi-convergence angle 
of 10.5 mrad and collection semi-angle of 72–200 mrad. Elemental 
mappings of the samples were acquired by energy-dispersive spectros
copy (EDS). Samples for TEM studies were prepared by Focused Ion 
beam (FIB). The morphology of the powders was characterized by 
scanning electron microscopy (SEM, FEI Sirion 200). The glass transition 
temperature Tg and crystallization temperature Tx were obtained using 
differential scanning calorimetry (DSC, NetzschDSC404F3) at a heating 
rate of 20 K/min. The temperature and field dependence of DC 
magnetization was measured using a SQUID magnetometer (MPMS, 
Quantum Design). The 2D maps of the reduced elastic modulus (Er) with 
a spacing of 1 × 1 μm2 on the surface of samples were performed by 
atomic force microscopy (AFM, bruker).

Fig. 1. (a) XRD patterns of Tb55Co20Al24Si1 amorphous alloy powder with four 
grain sizes. The inset shows the SEM image of the P30 sample. (b) DSC curves of 
four grain size of Tb55Co20Al24Si1 amorphous alloy powder.
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3. Results and discussion

3.1. The effect of particle size on the magnetocaloric properties

Fig. 1(a) shows the XRD patterns of the Tb55Co20Al24Si1 powders 
with different sizes. There is only a diffuse scattering hump near 2θ of 
34◦ without obvious crystallization diffraction peaks, indicating their 
amorphous structure. As shown in the inset of Fig. 1(a), the P30 powders 
exhibit good sphericity. Fig. 1(b) presents the DSC curves of the 
Tb55Co20Al24Si1 powders, showing clear glass transition and crystalli
zation events. The Tg of the P25, P30, P40 and P75 samples are deter
mined to be 614, 615, 615 and 613 K, respectively. And the Tx of those 
samples are measured to be around 665 K. Although having similar Tg 
and Tx, the shapes of the crystallization peaks (around 686 K) show 

obvious difference, indicating the variation of the local structures with 
changing powder size.

Fig. 2(a) shows the field cooled (FC) and zero field cooled (ZFC) 
magnetization curves of the Tb55Co20Al24Si1 powders. The FC curve was 
measured after cooling the sample to 5 K under 200 Oe, and the ZFC 
curve after cooling under zero Oe. From the FC curve, the Curie tem
perature Tc corresponding to the differential of the magnetization curve 
can be determined to be ~50 K for all the powders with different sizes. 
And similar spin-freezing temperatures (Tf) around 40 K are observed 
for all the powders, near where the ZFC and FC curves show bi
furcations. The spin glass-like behavior is related to the strong random 
magnetic anisotropy originating from the Tb atoms [31]. It is noted that 
magnetization values near the spin freezing temperature vary obviously 
with the powder size and tend to approach the same values when 

Fig. 2. (a) Magnetization curves of Tb55Co20Al24Si1 amorphous alloy powders with four grain sizes. (b) Arrott plots calculated from M–H curves of the P30 sample. 
(c) Temperature dependence of ΔSM of the P30 sample under the maximum applied field from 1 to 5 T.(d) Temperature dependence of ΔSM versus grain size.
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moving away from the spin freezing temperature. Since all the powders 
are amorphous, the change of the magnetization feature near Tf with 
powder size arises from the variation of the local structures [32]. To 
illustrate the magnetic transition type of the powders, the typical Arrott 
curves for P30 are shown in Fig. 2(b). At 15 K and 20 K, due to the 
spin-glass-like behavior of Tb55Co20Al24Si1, the Arrott plot has a nega
tive slope [33]. At high temperatures above 25 K, the slopes of the Arrott 
plots for the P30 sample are all positive, indicating that the 
Tb55Co20Al24Si1 powders show a secondary magnetic transition [34]. 
Similar features are observed for all other powders.

The maximum magnetic entropy change is one of the most important 
parameters to evaluate magnetocaloric performance of magnetic mate
rials. Based on the isothermal M-H curves, the temperature dependence 
of magnetic entropy change of P30 shown in Fig. 2(c) was determined by 
Maxwell’s equations: 

ΔSM(T,H) = SM(T,H) − SM(T,0) =
∫ Hmax

H0

(
∂M
∂T

)

dH (1) 

The sample reaches a maximum magnetic entropy (− ΔSmax
M ) of 

7.5 J kg− 1K− 1 under a 5 T near the Curie temperature Tc. This maximum 
value is slightly smaller than those of the Gd-based AMAs but larger than 
those of the Fe-based AMAs [35,36]. The peak temperature and shape of 
the curves remain almost the same under different field variations, and 
just the values decrease with decreasing field. Fig. 2(d) compares the 
-ΔSM under a field change of 5 T for the four groups of powders with 
different sizes. The maximum -ΔSM is smallest for the P25 powders, and 
largest for the P30 powders. The different − ΔSmax

M values come from 
their different local structures. A particle with larger/smaller size has a 
slower/faster cooling rate and take a longer/shorter time to rearrange 
the structure to reach a more ordered state. This implies that the larger 
power has a larger fraction of short-to-medium range ordered local 
structures. Fig. 2(d) indicates that moderate degree of structural order 
may be beneficial for enhancing MCE of AMAs. This is according with 
previous findings in Fe-based AMAs and Gd-based bulk AMAs [30].

3.2. Hydrogenation and microstructure analysis

Then we chose P30 powders to further modify the local structure and 
MCE by hydrogenation. Fig. 3(a) compares the XRD patterns of the P30 
powders and the H30 powders. Consistent with the P30 powders, the 
hydrogenated sample’s XRD pattern also exhibits no discernible crys
tallization peaks, suggesting the material retains its amorphous nature 
within XRD detection limits. However, the potential existence of nano
crystallites (1–3 nm) with a relatively low volume fraction cannot be 
excluded. Besides, the diffuse scattering humps corresponding to the 
amorphous structure shift leftward to lower angles after hydrogen ab
sorption, suggesting an increase in the average atomic distance of the 
amorphous matrix. This is consistent with the previous results reported 
in hydrogenated metallic glasses [29,37,38]. According to the anionic 
theoretical model, after the hydrogen absorption, electrons are trans
ferred from the conduction band to the hydrogen 1 s shell layer [39], 
leading to a decrease in the number of electrons involved in the 
Ruderman–Kittel–Kasuya–Yosida (RKKY) interaction. However, the 
strong affinity between hydrogen and Tb necessitates consideration of 
potential nanoscale hydride precipitates. The DSC curves of the P30 and 
H30 powders are comparatively shown in Fig. 3(b). After hydrogen 
absorption, an obvious crystallization peak is still observed, but the in
tensity of the crystallization peak is reduced, indicating the existence of 
some nanocrystalline phase embedded in the amorphous matrix. The 
onset of glass transition cannot be determined due to the overlap be
tween the glass transition and broad endothermic events. The broad 
endothermic peak between 560 K and 650 K arising from the hydrogen 
release further indicates the formation of hydride in the amorphous 
matrix of the H30 alloy. The inset of Fig. 3(b) shows the SEM image of 
the H30 powders, indicating good sphericity.

Fig. 3. (a) X-ray diffraction comparison of the P30 and H30 samples. (b) DSC 
curves of the P30 and H30 samples. The inset shows the SEM images of the 
H30 sample.
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To acquire the local mechanical properties of the P30 and H30 
samples and illustrate the dual phase structure, nanoindentation ex
periments were performed in an area of 1 × 1 μm2 on the surface of 
samples. The reduced elastic moduli (Er) of the P30 and H30 sample are 
shown in Fig. 4(a) and (b), from which a more heterogeneous micro
structure can be seen clearly in H30. To show their difference of spatial 
heterogeneity more clearly, the corresponding statistical distribution 
curves of Er for the P30 and H30 samples are obtained, and both can be 
fitted by Gaussian function very well (Fig. 4(c) and (d)). The P30 sample 
demonstrates a maximum in the reduced elastic modulus at 40 GPa, 
with values ranging from 4.2 to 65.5 GPa. In contrast, the H30 sample 
exhibits two peaks at approximately 29 and 40 GPa, with the modulus 
ranging from 1.7 to 68.2 GPa, implying its dual-phase structure. To 
further show the atomic structure, the HRTEM image of the H30 sample 
is presented in Fig. 5(a). Fig. 5(b) is an enlarged view of the white square 
in Fig. 5(a). The local structure orders on a scale of 1–3 nm can be seen 
in white squares, whereas other regions show amorphous structure with 
random atomic arrangement. Combing the results of the broad endo
thermic event before crystallization in the DSC curve, ac magnetic sus
ceptibility (see below), and dual-phase distribution of modulus, it is 
reasonable to argue that these nanocrystals should be rare earth hy
drides [40]. In addition, the elemental mappings of the H30 sample in 
Fig. 5(d-h) show that Tb, Co, Al, Si elements are uniformly distributed 
and there is no obvious elemental segregation in the H30 sample.

3.3. Effect of nanosized hydrides on magnetocaloric properties

Fig. 6(a) shows the ZFC and FC curves of the H30 sample under a 
field of 0.02 T. Although a ZFC peak is not observed, the ZFC and FC 
curves begin to diverge around 10 K. The 1/χ(T) curve for the H30 
sample obeys the Curie–Weiss law at high temperature region (χ(T)=C/ 
(T-θP)). The paramagnetic Curie temperature of the H30 sample is ob
tained as − 17 K as shown in the inset of Fig. 6(a), which implies that the 
dominant exchange interaction after hydrogen absorption is antiferro
magnetic (from Terbium hydrides). It is known that Tb has a high 
chemical affinity for hydrogen, readily forming hydrides with antifer
romagnetic ordering at low temperature. As documented by BOS, the 
Néel temperature of TbH₂ is 46 K [41]. In the case of TbCoAlSiH, its Néel 
temperature is lower than that of TbH₂. This is attributed to the presence 
of amorphous layers that separate the TbH₂ nanoclusters from the ma
trix, thereby influencing the magnetic interactions. Smilar antiferro
magnetic ordering from rare earth hydrides has been observed in 
GdTbDyCoAl amorphous alloy [40]. To evaluate the effect of hydroge
nation on magnetic transition and magnetic entropy change, the 
isothermal magnetization curves of the H30 sample were measured and 
are shown in Fig. 6(b). Different from the P30 sample, the crossing 
behavior arising from the spin-glass-like behavior is not observed in the 
M-H curves of the H30 sample, indicating the different magnetic tran
sition nature of H30. The Arrott curves of the H30 powders are shown in 
Fig. 6(c). The slopes of the Arrott plots are positive, indicating that the 
H30 sample undergoes a secondary magnetic transition as well [33]. 

Fig. 4. (a) Mapping of local reduced modulus for the samples (a) the P30 sample, (b) the H30 sample. (c-d) The corresponding statistical distribution of local reduced 
modulus for the samples (c) the P30 sample, (d) the H30 sample.
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Fig. 5. (a) HRTEM image of the H30 sample. (b) An enlarged view of the white square in (a). (c) HAADF-TEM image of the H30 sample. (d-e) Corresponding of 
elemental mappings of the H30 sample.
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Fig. 6(d) shows the real part of susceptibility (χ’) at frequency ranging 
from 13 to 9997 Hz for the H30 sample. The peak temperature is almost 
constant ~ 5 K at different frequencies. This is different from the 
spin-glass-like behaviors observed in the Tb-based and Ho-based 
amorphous alloys [42–44], indicating the antiferromagnetic transition 
nature of TbCoAlSiH. In the GdTbDyCoAl and GdCoAl amorphous alloy, 
it was also found that the dominant exchange interaction after hydrogen 
absorption becomes antiferromagnetic [40,45].

The magnetic entropy change curves after hydrogen absorption are 
shown in Fig. 7(a). The peak position and shape of both curves remain 
almost the same under different field variations. The − ΔSmax

M of the H30 
sample is enhanced from 7.5 kg− 1K− 1 (for the P30 sample) to 
13.2 J kg− 1K− 1 at about 8 K an external field of 5 T, which is increased 
by 56.8 % by hydrogen absorption. The large increase of MCE originates 
from the formation of rare-earth hydrides as indicated from the HRTEM 
images and modulus distribution. This is different from the case of the La 
(Fe0.88Si0.12)13H1.5 alloy, where hydrogen acts as the interstitial atoms 
[46]. Another important metric for magnetic cooling material applica
tions is hysteresis loss. Fig. 7(b) compares the hysteresis loops of P30 and 
H30 samples at 2 K. The coercivity of the H30 sample decreases 

significantly from about 3734 Oe (for P30) to 160 Oe after hydrogen 
absorption. The above results show that hydrogenation is also an 
effective way to significantly reduce coercivity. Fig. 8 shows that the 
MCE of H30 is much larger than all other reported Tb-based, and typical 
soft Gd-based and Fe-based AMAs (the Dy-, Ho-based, Er-based AMSs 
are not included since they have a large coercivity at low temperatures) 
[40,47–56]. Besides, the maximum magnetic entropy changes were re
ported to be 9.62 J kg− 1K− 1 for TbH1.92, 12.42 J kg− 1K− 1 for TbH2.03 
and 9.31 J kg− 1K− 1 for TbH2.09 under 5 T [57], which are smaller that of 
present TbCoAlSiH alloy. This implies that the unique heterogeneous 
dual-phase structure plays a significant role on the enhancement of 
MCE, and the underlying mechanism needs to be further investigated. 
Finally, note that a similar enhanced MCE by hydrogen charging was 
reported in a Tb-based bulk AMA, where only a very narrow magnetic 
entropy peak arising from a few hydrides was observed and super
imposed on the broad magnetic entropy change hump of the amorphous 
matrix [37]. This implies that the content of hydride plays an important 
impact on the magnetic transition and MCE performance.

Fig. 6. (a) Magnetization curves of the H30 sample. The inset shows Curie-Weiss fitting of the magnetization curve. (b) Isothermal magnetization curves of the H30 
sample. (c)Arrott plots calculated from M–H curves of the H30 sample. (d) The real part of susceptibility (χ) at frequencies ranging from 13 to 9997 Hz for the 
H30 sample.
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4. Conclusion

The effect of structure order and nanoscale hydride on the magne
tocaloric performance of Tb55Co20Al24Si1 amorphous alloy powders 

were investigated. It is found that proper enhancement (excessive in
crease) of structure order can increase (decrease) the MCE performance 
of Tb55Co20Al24Si1. After hydrogenation, dual-phase structure with 
nanocrystalline hydrides (1–3 nm in size) embedded in the residual 
amorphous matrix is obtained. This unique heterogeneous structure has 
significant effects on the magnetocaloric properties and magnetic tran
sition of Tb55Co20Al24Si1. The magnetic transition nature changes from 
ferromagnetic-paramagnetic to antiferromagnetic-paramagnetic transi
tion after hydrogenation. And the maximum magnetic entropy change 
(− ΔSmax

M ) increased largely from 7.5 J kg− 1K− 1 to 13.2 J kg− 1K− 1, 
indicating the potential of TbCoAlSiH alloy to be utilized in cryogenic 
magnetic cooling. The present results shed new light on the development 
of novel dual-phase magnetocaloric materials.
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