Influence of Manganite Powder Grain Size and Ag-particle Coating on the Magnetocaloric Effect and the Active Magnetic Regenerator Performance
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The magnetocaloric performance of La0.67Ca0.27Sr0.06Mn1.05O3 is investigated as a function of the powder grain size and also as a function of decoration of grains with highly conductive silver particulates as a coating layer. We demonstrate that the thermal and electrical conductivities can be significantly modified by the Ag-particle coating when the material is examined in sintered pellet form and we compare results with a second manganite composition La0.67Ca0.33MnO3 with significantly smaller grain size. However, we find that this microstructural engineering does not improve the performance of the active magnetic regenerator cycle using the silver decorated material in powder form. The regenerator performance is improved by the reduction of the powder grain size of the refrigerant which we attribute to improved thermal management due to increased surface to volume ratio.
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I. INTRODUCTION

Magnetic refrigeration has been considered to be a candidate mechanism for efficient and environmentally friendly solid state cooling for  almost 40 years [1]. It relies on the magnetocaloric effect (MCE), defined as the adiabatic change in temperature  of a material caused by application of a magnetic field. Material advances over the last 15 years have brought this technology closer to realisation [2,3], principally through the discovery of materials with large changes of entropy at a first order magnetic phase transition, the temperature of which can be sufficiently manipulated by an applied magnetic field [4].  
The construction of a magnetic cooling engine requires that the refrigerant exchanges heat efficiently using a fluid blow upon magnetisation and demagnetisation. The availability of at least four magnetic refrigerant families (Gd-, Fe2P-, La(Fe,Si)13- and manganite-based) for prototype cooling engines has driven a recent increase in the study of refrigerant properties beyond the more-usually studied adiabatic temperature change and field-induced entropy change [5,6]. The properties studied include: magnetic hysteresis [7], corrosion resistance [8] and thermal conductivity () [9].
Thermal conductivity plays an important role in the cooling efficiency of the active magnetic regenerator (AMR) cycle. A recent simulation suggested optimal values of , between 7 and 10 Wm-1K-1, depending on the working frequency and the geometry of the AMR [10].
The present study is driven primarily by the need to improve the understanding of the influence of microstructure and thermal conductivity on performance of magnetocaloric materials in operating conditions. This study is also motivated to reduce the extrinsic  magnetic [11] and thermal [12,13] hysteresis that can arise due to low and/or large parasitic thermal resistance during laboratory scale measurement and indeed during operation in the AMR cycle. Material processing, such as in powder compaction into pellets, can lead to reduction of thermal conductivity relative to bulk values, especially in metallic materials. Control over  is desirable and as the magnetocaloric topic matures,  is a property of increasing importance. 
In La(Fe,Si)13-based alloys, where if anything is on the high side because they are intermetallic alloys, it has been shown that  of a compressed powder sample can be about 5 times smaller than the bulk material. This reduced value can be subsequently enhanced up to a factor of three by the introduction of a secondary copper phase, electrodeposited on the grains [14]. 
Previously we have pioneered the engineering of  in La0.67Ca0.33MnO3±δ (LCMO) by impregnation of silver through open pores in low density sintered pellets. Silver was introduced by placing the pellets into a melt of AgNO3 at 573 K for a fixed amount of time, followed by the annealing at 773 K in air for 10 hours to decompose silver nitrate into metallic silver. The results were compelling, showing a threefold increase in  using this route to produce silver impregnation [9]. However the method is reliant upon the distribution of open pores, which varies from sample to sample and on the production of porous samples containing closed pores which then simply represent a wasted volume. Hence we were motivated to find more reliable routes to achieve similar properties. 
Recently a method based on the Tollens’ reaction [15] was reported and used successfully to produce a dense and low-metal content composite of silver and Sm doped ceria. As well as exploration of this new method for improvements of grain boundary properties in sintered pellets, we also wanted to establish whether silver coating was of benefit to the AMR cycle when the samples were in powder form.

TABLE I. Reported values of thermal conductivity at room temperature for different types of magnetocaloric materials.
	Material
	Reported  (Wm-1K-1)
	References

	La0.7Sr0.3-xAg xMnO3
	0.9-1.2
	[16]

	La1-xAgxMnO3
	1-1.3
	[17]

	Pr0.55Na0.05Sr0.4MnO3
	1.5
	[18]

	Pr0.6Sr0.4MnO3
	1.75
	[18]

	La0.67Ca0.33MnO3±δ
	1-2
	[9,19,21]

	MnAs alloys
	2
	[21]

	LCMO Ag-impregnated
	2.5
	[9]

	Ce5Ni2Si3
	3.6
	[22]

	Gd5Si2Ge2
	5
	[21]

	La(Fe0.88Si0.12)13
	9
	[21]

	Gd0.18Dy0.82
	~10
	[23]

	Gd
	10-11
	[21,23] 



La0.67(CaxSr0.33-x)Mn1+αO3±δ is one of the manganite material families considered for application as a magnetic refrigerant at room temperature [24,25]  At x = 0.33, it exhibits what is generally believed to be a first order transition from a paramagnetic insulator to a ferromagnetic metal, with a Curie temperature, , close to 267 K. Although the isothermal entropy change and  found so far are modest [4], the material has some advantageous features, principally its low cost, ease of processing, and manufacturability. As shown in Table I, the reported thermal conductivity of virgin manganites is rather low, ranging between 1 Wm-1K-1 [9] and 2 Wm-1K-1 [9,20], in comparison with other magnetocaloric materials. Here we examine the influence on  when adding a highly conductive phase to the interior of La0.67Ca0.27Sr0.06Mn1.05O3 (LCSMO) pellets. 
We have previously evaluated a LCSMO graded parallel plate regenerator in a reciprocal AMR device [26]. In this device [27], it is possible to quantitatively evaluate how the material would perform as a refrigerant. It was shown that, despite exhibiting modest magnetocaloric properties, a temperature span of 9.3 K was obtained between the hot and cold reservoirs for this LCSMO regenerator. Considering that the technology benchmark material, Gd, obtained a 10.2 K temperature span in the same device [27], the LCSMO family might compete evenly with Gd, especially if one manages to increase the thermal conductivity of it.
In the present study we compare the magnetocaloric performance of LCSMO particles that have been coated with silver against virgin ones using the device of ref. 27.


II. EXPERIMENTAL DETAILS

La0.67Ca0.27Sr0.06Mn1.05O3 powders were prepared by spray pyrolysis. Each of these powders was calcined at 1273 K for 2 hours and suspended in a slurry before being tape casted into flat plates, as described by Bulatova et al.[28] The plates were crushed down to polycrystalline particles which were sieved into two batches of different particle size, 200-300 μm (small) and 300-500 μm (large). We also compare the properties with a second composition La0.67Ca0.33MnO3 (LCMO) where powders were synthetized by glycine nitrate process (GNP) with small and uniform resulting particle size (~ 1 m).
A portion of large particle LCSMO sample and the LCMO were coated with Ag. The technique used here is based on the Tollens’ reaction which was recently used to manufacture metal ceramic composites [15,29]. The manganite particles were suspended in a solution of AgNO3 and concentrated KOH that was subsequently cleared with a few drops of NH4OH. Silver precipitated and coated any available surface, in particular the surface of the manganite particles, after introducing dropwise a diluted solution of a reducing agent (dextrose). The precipitate was then rinsed. All remaining salts were removed from the mixture by passing it through centrifugation at 4000 rounds per minute for 15 minutes, and removing the basic liquid, replacing it with deionized water. This purification step was repeated 5 times to ensure that no aqueous ammonia was present in the solution. Remaining water was finally evaporated.
Structural and phase purity was determined by XRD using a Bruker D2 diffractometer. A FEG-SEM Gemini 1525 scanning electron microscope (SEM) was used to image the samples.
Then cylindrical test pellets of 3 mm thickness and 7 mm diameter were pressed at 100 MPa for 1 minute and sintered at 1573 K for 2 hours. These sintering conditions are commonly used to get pellets ready for magnetisation and thermal transport measurements. It thus gave us a comparative study between virgin, small and large particle size, and Ag particle coated pellets. Achieved densities were 68 %, 70 %, 68 %, 77 % and 85 % for LCSMO small, LCSMO large, LCSMO Ag-particle coated, LCMO virgin and LCMO Ag-particle coated pellets, respectively. Original particle shape and size were still clearly visible by eye at the pellet surfaces after sintering, for LCSMO sample only. Grain sizes inside the pellets are of the same order as the size of the particles they are made of.
Magnetization was measured using a 9 T Quantum Design Physical Property Measurement System (PPMS) fitted with a Vibrating Sample Magnetometer (VSM) option. Thermal conductivity and resistivity were continuously measured under a 0.5 K min-1 cooling rate using a Thermal Transport Option (TTO) mounted on the PPMS.
The regenerator performances of LCSMO small, LCSMO large and LCSMO Ag-particle coated were evaluated in a reciprocal AMR device. LCMO particles were too fine-grained to be used here, therefore they were not tested. The particles were placed inside a powder bed. The regenerator was taken into and out of a 1.1 T static magnetic field while deionized water was pushed in and out of the regenerator by a piston. The ambient temperature was controlled by placing the device inside a commercial refrigerator, and the hot end temperature, , was fixed at the controlled refrigerator’s ambient temperature by a heat exchanger. After typically several hundred cycles, a steady state was reached and temperatures stabilized at both ends. The temperature was measured at both the cold and hot ends of the regenerator, allowing us to determine the temperature span, , as the difference between the hot and cold end. The total mass of each regenerator was about 43 grams. Their average bulk porosities were 65-67 % and the regenerators were 33 mm long with a diameter of 28 mm.

III.  BULK PROPERTIES

A single phase orthorhombic perovskite structure (space group: Pnma) with the lattice parameters a=5.461(1) Å, b=7.731(1) Å, c=5.485(1) Å was revealed by Rietveld refinement of XRD data in the two types of virgin pellets. The Ag-particle coated sample shows peaks (Fig. 1) from the cubic closed–packed silver phase (space group: Fm-3m) with cell parameter a= 4.087(1) Å, consistent with that of bulk Ag and particles larger than 17 nm [30]. 
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FIG. 1. XRD patterns of virgin, small and large particle, and of Ag-particle coated pellets. Inset shows two extra peaks from the silver phase.
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FIG. 2. (a) SEM image of silver particulates decorating a manganite grain in LCMO powders. (b) SEM image of the cross section of Ag-particle coated LCMO pellet.

Figure 2 shows SEM images of LCMO Ag-particle coated powder (a) and a cross section of a pellet (b). We can see how the Ag particulates decorate the manganite particle. We also see in Fig. 2(b) that using this decorated powder in a sintered pellet, silver ends inside the pores. It may also form short, non-percolating pathways at grain boundaries, as shown by tomography by Ruiz-Trejo et al. [15] 
Figure 3 shows the field cooled magnetization of three LCSMO pellets made using virgin small and large particles and Ag-coated particles, respectively. At low field, 3 mT, and high field, 1 T, we observe a systematic lowering of the magnetization for the Ag-particle coated sample. This is due to the addition of the non-magnetic Ag to the sample. The reduction is consistent with the amount of Ag added (about 10% in mass), see inset of Fig. 4. In there, we see a lower magnetisation, about 10 % in mass, for Ag-particle coated sample as expected. The theoretical magnetisation saturation of LCSMO is 3.8535 μB per F.U. This translates to a theoretical magnetisation of 100.13 A m2kg-1. Most importantly, there is no other noticeable change between the three samples in , and especially not in the sharpness of the paramagnetic to ferromagnetic transition under either high or small field.
Figure 4 shows the absolute value of the isothermal entropy change, ,  of LCSMO pellets, under 1 T field application, calculated using the following Maxwell relation on set of isothermal magnetisation  curves taken at different temperatures, , , …, :
 .
				(1)
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FIG. 3. Field cooled magnetization as a function of temperature, , of three pellet made under the application of small, 3 mT, and large magnetic fields, 1 T. 
We see a lower isothermal entropy change, with a reduction of about 9 % at the peak value, for Ag-particle coated LCSMO sample in comparison with virgin pellets.  We indeed observe identical entropy changes of the two virgin pellets. The small difference in saturation magnetisation (~ 2 %) between large and small particle as seen in the inset of Fig. 4 does not show up on the entropy plot.

[image: C:\WORK PLATFORM\CURRENT WORK PLATFORM\PhD\Reports, Meetings and powerpoint slides\Writing Paper\Ag coating and RISO paper\Figures\Figure4.jpg]FIG. 4. Isothermal entropy change under a 1 T field application for the virgin and Ag-particle coated LCSMO pellets. Inset is the saturation magnetisation recorded at 10 K.

[image: C:\WORK PLATFORM\CURRENT WORK PLATFORM\PhD\Reports, Meetings and powerpoint slides\Writing Paper\Ag coating and RISO paper\Figures\Figure5.jpg]FIG. 5. Thermal conductivity (a) and resistivity (b) as a function of the temperature of LCSMO pellets made of virgin small and large grains and Ag-coated large grains.
Figure 5(a) shows the thermal conductivity of the sintered pellets made up of small grain, large grain and silver coated large grain particle of LCSMO. The trends are similar to our previous reports showing that in pellet form, large grain samples have higher  [9] because of fewer grain boundaries, and grain boundary resistance (electrical and thermal) is greatly diminished by the introduction of silver [9,15,29]. 
The measured electrical resistivity (assuming full cross sectional area of the sample for the calculation), Fig. 5(b), is similar for the two virgin samples. We see a substantial decrease in the resistivity by introduction of the Ag-particle coating, and we notice a recovery of the intragrain behaviour, as seen by a sharper bump at the insulator-metal transition (as we have reported previously [9]). We have thus improved the grain boundary conductance and removed parasitic intergrain resistivity. 
Results are more significant in pellets with smaller grains as shown by the results for the LCMO sample in Fig.6;  is low in the virgin state because of the increased density of grain boundaries. The thermal conductivity is greatly increased over our previous reports for the same amount of silvered infiltrated into the pellet (~ 10 %), demonstrating that grains can be coated much more efficiently using this method compared to the infiltration route [9].

[image: C:\WORK PLATFORM\CURRENT WORK PLATFORM\PhD\Reports, Meetings and powerpoint slides\Writing Paper\Ag coating and RISO paper\Figures\Figure6.jpg]FIG. 6. Thermal conductivity (a) and resistivity (b) as a function of the temperature of La0.67Ca0.33MnO3virgin and Ag-particle coated pellets made of powders synthetized by GNP.

For both LCSMO and LCMO pellets, a slight reduction of the extrinsic magnetic hysteresis measured during isothermal magnetisation was noticed through the width decrease of  loop (not shown here) in comparison with virgin materials.


IV. MAGNETOCALORIC PERFORMANCES

Magnetocaloric performances of the samples in particle form were investigated using a test device [27] based on the AMR cycle. Figure 7 shows the temperature span, , reached for the three types of regenerators for a utilisation of 0.76 and 0.8 for large virgin and Ag-coated particles, and small virgin particles, respectively. Utilisation is defined as the ratio between the thermal mass of the heat transfer fluid moved during one AMR cycle and the thermal mass of the regenerator [31],
         ,
				(Equation 2)
where , , , , and  are the mass flow rate and specific heat capacity of the fluid (here water), the mass and specific heat capacity of the LCSMO particles, and the period of fluid movement, respectively. The specific heat capacities and  were taken as being the accepted 4186 and 650 JK-1kg-1 value for water and LCSMO (not shown here but measured and in agreement with Dinesen et al. [25]), respectively.  

[image: C:\WORK PLATFORM\CURRENT WORK PLATFORM\PhD\Reports, Meetings and powerpoint slides\Writing Paper\Ag coating and RISO paper\Figures\Figure7.jpg]FIG. 7. Temperature span as a function of the hot end temperature of regenerators made of LCSMO virgin small and large particles, and Ag-coated particles. 

In Figure 7, we do not see any noticeable difference in the achieved temperature span between Ag particle coated and virgin large powders for this utilisation ratio conditions. However, we do see a noticeable improvement when the particle size is smaller. 
Keeping the ambient temperature constant at 297 K ensured that the hot end temperature remained close to the peak temperature of Fig. 7 for the three regenerators. The influence of utilisation was then investigated under these conditions. This is shown in Figure 8.
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FIG. 8. Temperature span as a function of the utilisation ratio of regenerators made of LCSMO virgin small and large particles, and Ag-coated particles. The ambient temperature, , was kept at 297 K.

It seems that optimal utilisation ratio was similar for the three regenerators with a value of around 0.6. As for the general influence on the magnetocaloric performances, we observe a remarkable improvement approaching Gd performances of 10.2 K temperature span, when the particle size is reduced. This can be explained by the fact that as the diameter of the particles decreases the heat transfer coefficient and specific surface area responsible for the heat exchange with the fluid, here water, increase. Overall, the performance of the AMR is enhanced. The available magnetic entropy change is utilized more effectively in the case with smaller particles. However, as the operating frequency is increased it is expected that the smaller particles will decrease in performance due to the significantly increased flow resistance. For the experiments presented in this paper this was not an issue as the operating frequency of the device was well below 1 Hz.
Ag-coating of the particles did not improve heat transfer between LCSMO particles and water either. 

V. MODELING THE EXPERIMENTS
A numerical AMR model [31] was used to simulate the experiments. Four cases were considered: The two virgin sets (small and large particles, respectively) and two sets with large particles with different Ag-based property sets: one with the overall thermal conductivity of the particles to be equal to that of the Ag-coated particles (Fig. 6), the other, Ag-filled, merely with the silver acting as a parasitic passive material, i.e. reducing the effective magnetic entropy change by 10 %. The particles were assumed spherical with diameters 0.3 mm (small) and 0.5 mm (large). The full spatial magnetic field profile and the time-dependent demagnetizing field were taken into account. The results clearly show the same trend as the experiment; the regenerator with the small particles produces a larger temperature span than the three cases with large particles. The Ag-coated, i.e. the regenerator modelled as having a larger effective thermal conductivity, generally produces the smallest temperature span. As the AMR cycles considered here are at a very low operating frequency (about 0.14 Hz) thermal conduction in the axial direction comprises a significant loss mechanism. At higher frequencies this is much less significant whereas conduction from the particles to the fluid will benefit from a larger thermal conductivity of the solid due to the increase in Biot number at higher operating frequencies. 
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Overall, the model temperature spans are higher than the corresponding experimental ones. This is due to heat losses to the ambient in the experimental setup, which are not included in the model. 

CONCLUSIONS

Magnetocaloric La0.67Ca0.27Sr0.06Mn1.05O3 and La0.67Ca0.33MnO3 particles were subjected to a new silver decoration technique that has proved to be more reliable and more successful than previous reports for engineering the thermal and electrical resistance at the grain boundaries of pellets. Powder beds were made from the particles and tested as active magnetic regenerators. We found that at the low cycle frequencies investigated here, silver decoration on the outside of particles does not increase the refrigeration performance as measured by the achievable temperature span across the regenerator. On the other hand, the regenerator performance was remarkably improved by particle size reduction.
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