Development of an energy-efficient cooling system based on the magnetocaloric effect
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Abstract. This article focuses on the development of an energy-efficient cooling system based on the magnetocaloric effect. Considering that this technology, which operates by changing the temperature of materials under the influence of a magnetic field, offers higher energy efficiency, environmental friendliness, and lower noise levels compared to traditional cooling methods, magnetocaloric materials based on manganese pnictides were analyzed. The structure, magnetic properties, and phase stability of these materials were studied in detail. The parameters of magnetic entropy change and relative cooling power were calculated using Newton-Maxwell equations for a sample in which issues such as hysteresis, phase stability, and the influence of doping elements were addressed. According to the research results, the proposed manganese pnictide material demonstrates high magnetocaloric efficiency and can be utilized in modern energy-saving cooling systems.
INTRODUCTION
The phenomenon of the magnetocaloric effect (ME) is understood as the process of changing the temperature or entropy of a material under the influence of a magnetic field, with the highest value observed around the phase transition temperature. In magnetic systems based on the ME phenomenon, when an external magnetic field is applied, the magnetic moments of the material are aligned, the entropy decreases, and the material heats up. Conversely, when the magnetic field is removed, the order of magnetic moments is disrupted, and the material cools due to an increase in entropy. This physical process forms the basis of magnetic field cooling technology.
Magnetocaloric materials are preferable to conventional cooling systems due to their high energy efficiency, refrigerant-free operation, low noise levels, and long service life. Currently, research conducted worldwide is focused on the development of materials such as ferromagnetic alloys, Heusler alloys, as well as manganese pnictides and their modifications. Significant changes in magnetic entropy during magnetic phase transitions observed in manganese pnictides allow for expanding the cooling range, leading to increased scientific and practical interest in these materials.
Currently, the modern applications of ME are expanding. It is important not only for creating environmentally friendly, freon-free magnetic cooling systems for household refrigerators and air conditioners but also as a promising solution for highly sensitive sensors, infrared equipment, magnetic resonance imaging systems, and cooling of scientific equipment operating in high magnetic fields.
Phase transitions arising from magnetic phase (MF) transitions, associated with the ordering of magnetic moments characteristic of the manganese pnictide group, contribute to achieving high results in the magnetocaloric effect. Manganese pnictides possess a strong magnetic structure, allowing them to have a wide range of flexible temperatures between 250-350 K, low hysteresis, a stable crystalline structure, and the ability to maintain parameters during thermal cycles. Moreover, due to their environmental friendliness, low cost, and high cooling and thermodynamic efficiency, they can be considered one of the most promising materials for new generation magnetic cooling systems.
Despite the rapid development of materials technology based on magnetocaloric effects (MEs) in recent years, there are a number of unresolved scientific problems limiting their widespread practical application, namely hysteresis, phase stability, and the influence of alloying elements. The magnetic-phase transitions characteristic of manganese pnictides and their thermodynamic properties play an important role in solving these problems.
The strong magnetocaloric effect is usually associated with first-order magnetic phase transitions. The formation of hysteresis, which can reach up to 3-10 K, causes energy losses in thermodynamic cycles. This is due to the fact that such transitions are often accompanied by deformation of the structure or redistribution of atomic lattices, which reduces the efficiency of the magnetocaloric effect (MCE), worsens the frequency of magnetic entropy changes, and diminishes the energy efficiency of the cooling cycle. Therefore, the minimization of hysteresis is one of the most urgent scientific tasks in the technology of magnetocaloric materials.
The composition of magnetic phase transitions in manganese pnictides exhibits high sensitivity to changes in atomic lattice parameters and temperature. In this context, the high temperature sensitivity of magnetic ordering complicates the structural stability under cyclic operation conditions of materials. This results in insufficient phase stability, leading to a decrease in magnetic entropy value over cycles, degradation of magnetic properties, and disruption of structural equilibrium.
To optimize the magnetocaloric properties of manganese pnictides, doping is carried out using elements such as Fe, Si, Ge, Co, Ni, V, and Cr. However, such additives cause structural disruption by altering the phase transition temperature, increase hysteresis due to enhanced magnetic moment, and create phase imbalance by changing the atomic lattice parameters.
It is possible to address these issues by increasing magnetocaloric efficiency through hysteresis reduction, ensuring long-term cyclic operation of materials by providing phase stability, achieving precise adjustment of Curie temperature and magnetic entropy values through appropriate selection of additives, and developing magnetocaloric materials into a competitive alternative to existing cooling systems.
In this article, we will analyze magnetocaloric materials based on manganese pnictides with a new composition, study their crystal structure, phase stability, and magnetic properties, and develop recommendations for new cooling systems based on them.
EXPERIMENTAL RESEARCH
Since the magnetic and structural properties of magnetocaloric materials based on manganese pnictides are highly dependent on their production technology, the use of various methods, such as arc melting, spark plasma treatment, and mechanical alloying, plays a key role in ensuring the homogeneity of the material's composition, structure, and phase stability.
Based on the study of the aforementioned methods of obtaining alloys, a comparative table of advantages and disadvantages was developed, enabling the determination of which methods can be used to achieve high-quality results in alloy production.
Table 1. Comparative table of methods for obtaining alloys
	No
	Method
	Advantage
	Disadvantage
	Effective
(*doped)

	
	
	
	
	MnAs
	MnP
	MnFePAs
	MnTX

	1.
	Arc melting
	Fast, simple, combines compositions by melting
	Evaporation of pnictides
	
	
	
	

	2.
	Spark plasma treatment
	Very high homogeneity and density
	Special equipment required
	
	
	
	

	3.
	Mechanical alloying
	Atomic level mixing
	Probability of amorphization
	
	
	*
	*


Structural stability, phase homogeneity, and magnetocaloric properties in alloys based on manganese pnictides depend on thermal treatment, particularly the hardening process. In materials obtained by arc melting, spark plasma treatment, and mechanical doping, where the distribution of atoms and phase composition are not fully formed, hardening serves to achieve a balanced state of the atomic lattice, uniform distribution of doping elements, elimination of mechanical stresses in the microstructure and deviations from the ideal crystal lattice structure, increased phase stability, improved ordering of magnetic moments, reduced hysteresis, and optimized parameters of magnetic entropy and energy efficiency. Additionally, by annealing the alloy in a vacuum or inert medium at 650-750°C for 10-24 hours at a moderate temperature, it is possible to achieve complete formation of the material structure, reduce atomic substitution, and stabilize the magnetocaloric properties.
The change in magnetic entropy in the quantitative assessment of magnetocaloric effects characterizes the magnetic phase transitions in the material, the dynamics of magnetic ordering, and the heat exchange capacity during the magnetic cooling process. Its value is determined using the following expression:
				         (1)
where temperature points;  points of the magnetic field;   magnetization value.
When assessing the actual effectiveness of materials based on ME in practice, the change in magnetic entropy alone is not sufficient. Another important parameter in a magnetic cooling system is the relative cooling power. This parameter provides a quantitative assessment of how much heat the material can transfer during the cooling cycle and is determined as follows:
					         (2)
where  is the maximum value of magnetic entropy change, and  is the width at a height equal to half the peak point .
According to expression (2), the greater the value of , the higher the magnetocaloric effect of the material. A wide range of δT ensures the material's ability to work effectively across a broad range of thermal temperatures. In other words, the relative cooling power is the main parameter characterizing the useful working capacity of the material during periodic operation. In modern materials, RCP is typically in the range of RCP>400-500 J/kg.
Using expression (1) derived from Maxwell's equation, we construct temperature curves for  (Figure 1).
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FIGURE 1. Temperature dependence of magnetic entropy change calculated using Maxwell's equation

According to the obtained graph,  at a certain temperature, a sharp change in the magnetic order occurs at the point of magnetic phase transition. This leads to an increase in the magnetic flux density in the material at this temperature, as well as a decrease in  the magnetic flux density depending on the temperature, significantly reducing the magnetization of the material compared to the temperature. Additionally, the determined values and are important quantities for assessing the magnetocaloric efficiency, which substantiates the magnetocaloric effect of the manganese pnictide-based alloy and its wide application in magnetic cooling technologies.
To analyze the dependence of magnetization on the magnetic field strength at different temperatures, which directly affect the value of , M(H) curves were constructed (Fig. 2). From the obtained graph, it can be seen that when the temperature is in the range of 1-7 K, the magnetization in the material is high and in a negative direction, and its value changes very quickly under the influence of the magnetic field strength. When the temperature is in the range of 30-41 K, the magnetization value practically does not change. Furthermore, in the temperature range of 18-24 K, a transition state from ferromagnetic to paramagnetic is observed in the material, and it is precisely this phase transition point that is considered crucial in assessing the efficiency of the material's ME.
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FIGURE 2. Curves of the dependence of magnetization on magnetic field strength at different temperatures

To assess the temperature dependence of the change in magnetic entropy at different values of magnetic field strength, we construct a curve (Fig. 3). According to the analysis of the curves on the obtained graph, a sharp change around T≈300K indicates the presence of a phase transition in the material (since the maximum value of the magnetocaloric effect usually manifests itself near the temperature of the phase transition), as well as an increase in the amplitude of the change in magnetic entropy with increasing magnetic field strength, which indicates a strong dependence of the magnetic ordering of the material on the external field.
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FIGURE 3. Temperature dependence curves of magnetic entropy change at various values of magnetic field strength m

RESEARCH RESULTS AND CONCLUSION
As a result of the conducted research and studies, we will use the methods described above to test a sample of the material used for the energy-efficient cooling system based on the developed ME. We will also evaluate how much heat this sample can transfer during the cooling cycle.
	[image: ]
	[image: ]

	a)
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FIGURE 4. Temperature dependence curves of magnetic entropy for the sample: a) Continuous curve - calculated using Maxwell's equation; b) Continuous curve - experimentally determined, discontinuous curve - results calculated for a certain induction value.

According to the obtained curves, we can observe that the ΔS(T) curves, calculated based on Maxwell's equation, show a sharp increase in the change of magnetic entropy around the material's phase transition temperature. ΔS(T) has a maximum amplitude, which reflects the true value of the magnetocaloric effect (ME). The ΔS taken for a certain value of induction, although small in amplitude, has the same shape around the Curie temperature, and the magnetic ordering of the material strongly depends on temperature.
To determine the effectiveness of the developed magnetocaloric material compared to existing cooling systems, we create curves representing the dependence of magnetization on temperature and magnetic field strength.
[image: ]
FIGURE 5. Magnetization curves for temperature and magnetic field strength
Analysis of the obtained curves showed that the developed material has ferromagnetic properties, in which a ferromagnetic-paramagnetic phase transition occurs at a temperature of about 300 K. The material exhibits rapid ordering under the influence of a magnetic field and achieves magnetic saturation under the influence of a high magnetic field strength. Additionally, the developed sample reaches a maximum near the phase transition temperature.
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