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increasing the TC interval, which means enhanced RC values for designed systems can be 

obtained by using the Gd-based wires with large TC intervals in a range of temperature. 

 

Figure 7.4 Simulated -ΔSM vs. T curves at µ0ΔH=5 T of the designed systems and their 
components for a) two components systems and b) three components systems. RC values of a) 
Sample A and b) Sample B and its Gd-Al-Co components. 

 

In order to study if the designed systems with three components showing same tendency 

as structures with two components, we have simulated the design of other five samples (named 

S’-1, S’-2, S’-3, S’-4 and S’-5) by three components with different TC intervals. Here we have 

applied the experimental data of Gd50Al25Co25 microwires as basic composition (named C’-

Basic), Gd50Al30Co20 microwires as one varying compositions (C 1-1, C 1-2, C 1-3, C 1-4 and C 

1-5) and Gd60Al20Co20 microwires as another varying composition (C 2-1, C 2-2, C 2-3, C 2-4 

and C 2-5). The TC intervals between C’-Basic and C 1-1, C 1-2, C 1-3, C 1-4, C 1-5 are ~10 K, 
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20 K, 30 K, 40 K and 50 K, respectively, and between C’-Basic and C 2-1, C 2-2, C 2-3, C 2-4, 

C 2-5 are ~-10 K, -20 K, -30 K, -40 K and -50K, respectively, as displayed in Figure 7.4b. 

According to Eq. (7.1), we have calculated the -ΔSM vs. T curves at µ0ΔH=5 T of the designed 

systems and also plotted them in Figure 7.4b. The designed systems with three components 

exhibit same tendency as those with two components, which show more and more obviously 

table-like MCE and the values of -ΔSM
max decrease when the TC intervals increase. Figure 7.4d 

shows the calculated RC values of these designed systems and their components (C 1-1, C 1-2, C 

1-3, C 1-4 and C 1-5 have same RC values, also for C 2-1, C 2-2, C 2-3, C 2-4 and C 2-5) at 

µ0ΔH=5 T. Notably, the RC values of the designed systems with three components also exhibit 

the same trend as those with two components which increase as the TC intervals increase. The 

enhanced RC values can also be obtained by designing systems using three components with 

large TC intervals. 

7.5 Summary 

In summary, we have successfully obtained excellent table-like MCEs near the transition 

region in the new designed Sample A using soft ferromagnetic Gd-Al-Co microwires arrays. The 

values of -ΔSM
max and RC at µ0ΔH=5 T for Sample A are ~9.42 J·kg-1·K-1 and ~676 J·kg-1. The 

universal master curves clearly show the differences between the designed system and Gd-Al-Co 

wires. Furthermore, the calculated -ΔSM vs. T curves based on Eq. 7.1 fitted the experimental 

data very well, suggesting that the magnetic refrigerants with table-like MCEs applied at liquid 

nitrogen region for novel magnetic cooling systems can be designed by melt-extracted Gd-Al-Co 

microwires according to this equation. The enhanced RC values can be obtained by designing the 

systems using the wires with large TC intervals. 
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CHAPTER 8:  CONCLUSIONS AND OUTLOOK 

8.1 Summary 

Magnetic and magnetocaloric studies on Gd thin films and Gd alloy microwires have 

emphasized the important roles of reduced dimensionality in magnetic refrigerant materials 

which are key components in advanced magnetic coolers. The major findings of the thesis 

research are summarized below:  

Through a systematic study of the effects of the deposition temperature and chamber 

gettering on the magnetocaloric properties of sputtered Ta(5nm)/Gd(30nm)/Ta(5nm) thin films, 

we have demonstrated that increasing the deposition temperature generally improves the entropy 

peak (magnitude, full width at half max, and temperature of the peak) but also causes significant 

oxidation. Gettering the chamber prior to deposition helps reduce this oxidation issue, which, in 

effect, increases the relative cooling power (RCP) of films grown at elevated temperatures by as 

much as 33% over ungettered samples. As compared to its bulk counterpart, the Gd thin films 

show broader temperature-dependent magnetic entropy change curves (DSM(T,µ0H) but 

significantly reduced DSM magnitudes. For the same field change, µ0DH = 1T, the DSM and RCP 

are found to be ~1.72 J/kg K and ~70.14 J/kg for the gettered Gd film (grown at 450 oC) and 

~2.48 J/kg K and ~80.45 J/kg for bulk Gd. The decreases in DSM and RCP in the Gd films are 

attributed to the suppression of magnetization cross the interface between the film and substrate, 

the weakening of long-range ferromagnetism due to surface defects/vacancies developed during 

film fabrication.   
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By contrast, owing to their improved amorphous structure and shape anisotropy, melt-

extracted Gd alloy microwires have been demonstrated to possess enhanced magnetocaloric 

properties as compared to bulk magnetic glasses and ribbons of the same composition. The use 

of the microwires with increased surface areas not only enhances heat transfer processes but also 

promotes chemical reactions of solid refrigerant with liquid coolant used to transfer heat inside 

the system. Since the microwires can easily be assembled as laminate structures, they have 

potential applications as a cooling device for micro-electro-mechanical systems (MEMS) and 

nano-electro-mechanical systems (NEMS). 

We have demonstrated an effective approach for improving the mechanical and 

magnetocaloric properties of melt-extracted Gd-based amorphous microwires through 

introducing an appropriate portion of nanocrystallities into an amorphous matrix. A systematic 

study of the effects of thermal annealing on the structural, mechanical, and magnetocaloric 

properties of melt-extracted Gd53Al24Co20Zr3 amorphous microwires of ~70 µm diameter has 

been conducted. The wire samples were annealed at different temperatures of 100, 200, and 300 

oC for 12 h. TEM and HRTEM experiments have evidenced that during heat treatment small 

islands of nanocrystallities (5-10 nm diameters) are generated and isolated in the amorphous 

region for the wires. Mechanical tests and analysis have indicated that the annealing temperature 

of 100 ℃ has the largest strength (1845 MPa) as compared to wires annealed at other 

temperatures. Magnetocaloric experiments have evidenced the largest MCE in the 100 ℃	

annealed microwires, with -ΔSM = 9.5 J/kg K and RC = 689 J/kg. This RC is about 35%, 67%, 

and 91% larger than those of bulk Gd53Al24Co20Zr3 (~509 J/kg), Gd (~410 J/kg), and 

Gd5Si2Ge1.9Fe0.1 (~360 J/kg) regardless of their ordering temperatures. These findings 
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demonstrate the ability to tune the mechanical and magnetic properties of the microwires by 

thermal annealing. 

Instead of performing thermal treatments on as-prepared microwires, we have 

demonstrated an alternative method of creasing biphase nanocrystalline/amorphous structures in 

Gd alloy microwires directly from melt-extraction through controlled solidification. A systematic 

study of the microstructure, magnetic and magnetocaloric properties of Gd65Ni35 microwires of 

45 µm diameter has been performed. XRD, TEM, HRTEM, and SAED confirmed the biphase 

nanocrystalline/amorphous structures (~8 nm Gd3Ni nanocrystals embedded in an amorphous 

matrix – Gd65Ni35) that were formed in the microwires during fabrication process. Magnetic and 

magnetocaloric experiments indicate the large -ΔSM of ~9.64 J/kg K and the large RC of ~742.1 

J/kg) around the Curie temperature of 120 K for a field change of 5 T. These values are ~1.5 

times larger relative to its bulk counterpart, and are superior to other candidate materials being 

considered for active magnetic refrigeration in the temperature range of 10 – 200 K. A detailed 

analysis of the critical exponents near the paramagnetic-ferromagnetic (PM-FM) transition has 

indicated the occurrence of a long-range ferromagnetic order in the microwires. In connection 

with the MCE analysis, we demonstrate that the large magnetic moment of Gd and the presence 

of the long-range ferromagnetic order result in a large DSM, which, coupled with the broadening 

of the PM-FM transition due to structural disorder, contribute to the large RC in the Gd alloy 

microwires.  

The Gd alloy microwires possess high adaptation of morphology and structure thus 

magnetic refrigerant with different porous structures can easily be designed by arranging these 

microwires. The micro-size of the microwires enhances the surface for the designed structures, 

which improved the efficiency of heat transfer significantly in the cooling system. These 
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excellent magnetocaloric properties and mechanical performances make them as one of the best 

candidate materials in magnetic refrigeration designs. In this regard, we have designed a new 

magnetic bed structure for obtaining table-like ΔSM by using three kinds of soft ferromagnetic 

Gd-Al-Co microwire arrays with different Curie temperatures (TC). The TC interval of these three 

wires is ~10 K and the designed new structure named Sample A. This sample shows a smooth 

table-like ΔSM at high applied field change (µ0ΔH=5 T) ranging from ~92 K to ~107 K. The 

maximum entropy change (-ΔSM
max) and RC for Sample A at µ0ΔH=5 T are calculated to be 

~9.42 J·kg-1·K-1 and ~676 J·kg-1. Additionally, the calculated curve of -ΔSM(T) dependence and 

the corresponding experimental data fit very well together for Sample A. This suggests that the 

required MCE of the microwire arrays can be designed based on this calculating equation. A 

simulation shows that the RC values of these designed systems increase because the TC intervals 

increase. The table-like MCE of the new design and the enhanced heat-transfer efficiency due to 

the micro-size of the wires make it very promising for the novel magnetic cooling systems.  

Overall, the Gd alloy microwires investigated in this thesis are excellent candidate 

materials for magnetic refrigeration in the liquid nitrogen temperature regime. In particular, these 

microwires have great potential for use as a cooling device for MEMS, NEMS, and energy-

storage devices. 

8.2 Future Research 

Further improvement in the RC of Gd thin films is essential in driving them into their 

real-world microscale solid-cooling applications. One possible approach is to create multi-layer 

films that possess Gd layers mediated by soft ferromagnetic layers such as FeNi. Magnetic 

coupling between the different ferromagnetic layers at their interfaces can be tuned to improve 

the magnetocaloric responses of the films.  
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Gd-based alloys in the form of microwires are ideal for a variety of magnetic cooling 

applications. Their MCE and RC can be further improved by coating the microwires with soft 

ferromagnetic layers such as FeNi, creating multi-layer wire structures. Combing the melt-

extraction and electrodeposition methods is most appropriate for making these novel multi-layer 

microwires.  

In an array of magnetic nanowires, magnetostatic interactions have been reported to play 

an important role in determining the magnetocaloric response of the system. In this context, 

tuning magnetostatic interactions through incorporating short Gd alloy microwires into a 

thermally conductive polymer matrix appears to be a prospective approach for creating novel 

magnetic refrigerants.  

Combined theoretical and experimental studies will be needed to validate the above 

hypotheses. Bringing these fundamental studies to the point of making prototype refrigeration 

devices will require the concerted effort of interdisciplinary scientists and engineers.  
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Figure 2.4c 

 

 


