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PROPERTIES OF MATERIALS FOR MAGNETIC REFRIGERATION

A calorimetric approach to material’s magnetocaloric parameters
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Abstract A magnetic refrigeration system is a complex sys-
tem that involves the magnetocaloric effect (MCE) and the
heat transfer problems working in a coupled manner. For
this purpose, characterization of materials showing MCE is
needed. Calorimetric characterization allows the obtention
of thermodynamic variables needed for a precise quantifica-
tion of this effect. More specifically, in systems with con-
tinuous magnetic field variation, in order to calculate the
heat generation due to MCE, the knowledge of their mag-
netocaloric parameters - adiabatic temperature change ATg
and isothermal entropy change AS7 - and the heat capac-
ity Cp, for every temperature and magnetic field present is
needed. In this work, La(Fe_x_yCoxSiy) 3 family materials
have been either characterized or interpolated, and used in
numerical simulations in Comsol Multiphysics™ software.
The characterization was carried out with measurements of
ATg, ASt and C, and the calculation of other derived pa-
rameters, at different temperatures and magnetic fields.
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1 Introduction

Magnetic refrigeration is based on a reversible heating and
cooling phenomenon given in certain magnetic materials,
known as the magnetocaloric effect (MCE), as a result of
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applying or removing an external magnetic field near their
magnetic ordering transition temperature.

In order to achieve a higher efficiency, materials showing
giant magnetocaloric effect (GMCE) as a result of an addi-
tional simultaneous transition, are often preferred for practi-
cal room temperature applications. Also, a lack of hysteresis
in the transition is desirable to obtain a good efficiency. This
technology is an alternative to actual compression-expansion
systems and provides a high thermodynamic efficiency, which
has been claimed to be able to reach up to 75% of Carnot’s
limit [1] compared to less than 40% of conventional systems
(gas compression and expansion based), and uses no gases,
showing therefore no direct greenhouse effect impact.

La(Fe|_x—_yCoxSiy)3 family materials show GMCE, tun-
able transition temperatures, which can be set around room
temperatures, and very little hysteresis, turning them into
useful candidates for practical room temperature applica-
tions. The transition temperature is tuned by changing the
cobalt content: the transition temperature increases and the
first order character of the transition decreases as the cobalt
content increases [2].

The heart of a magnetic refrigeration system is what is
called the active magnetic regenerator (AMR), in which the
magnetocaloric material (MCM) is placed. The AMR allows
the obtention of temperature spans much larger than just the
ATg produced by a single field change, making it work as ac-
tive MCM and as regenerator simultaneously. The concept
and theory of an AMR can be found in [3] and [4], respec-
tively. The heat transfer mechanism from the cold sink to
the regenerator and from there to the hot sink is an impor-
tant limitation for the commercialization of this technology,
since it entails an important efficiency practical limitation.
The development and improvement of the heat transfer sys-
tem that allows the practical use of the MCE and the search
for new materials showing GMCE are within the main con-
cerns in the development of this technology.



The temperature changes that can be obtained with the
simple application of magnetic field are quite small for any
practical application in cooling systems. A very strong mag-
netic field would be necessary to produce a relevant tem-
perature change. Field values obtained with affordable per-
manent magnets, between 1 and 2 T, turn out into tempera-
ture changes below 5 degrees. However, using an AMR with
several graded materials of different transition temperatures
(Figure 1), the temperature span obtained can be enlarged
much over the change obtained with a single field change
and, at the same time, the refrigeration power is substantially
increased compared to using a single MCM [5], allowing a
wide working temperature window defined by the combina-
tion of the peaks’ widths of the MCMs used in the AMR.
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Fig. 1 Graphs of the ATy of four interpolated La(Fe;_x—yCoxSiy)13
materials in an AMR, for field increases of 1.6 T. The vertical dashed
lines depict the temperature range in which each material is used in a
supposed multimaterial AMR.

The study of the heat transfer mechanisms involved in
the performance of a magnetic refrigerator is of great im-
portance to determine the suitability of its design. Numeri-
cal simulations are a very useful tool to understand the heat
transfer mechanisms and the implication of the different de-
sign parameters in the system’s performance. Calorimetric
characterization of materials showing MCE or GMCE is nec-
essary in order to evaluate them and provide accurate data
for systems simulation.

The thermomagnetic characterization of materials of the
La(Fe|_x—yCoxSiy)3 family was carried out with experi-
mental measurements and, in some cases, using a material’s
properties interpolation method that we have developed. The
samples were provided by the company Vacuumschmelze
GmbH. These materials have a well established manufactur-
ing process and these samples with different stoichiometries
are being used in several laboratories. The materials, pre-
pared at a preindustrial level, have shown consistent results

Table 1 Approximate stoichiometries of the measured compounds.

MPSI 175 La(F60.853C004067Si0_03)]3
MPS1178  La(Feo.842C00.079Si0.079) 13
MPS1180  La(Fe.334Co0.088Si0.078) 13

in their chemical analysis and magnetocaloric properties [2,
6]. The resulting thermomagnetic data have been introduced
in a Comsol Multiphysics™ model to simulate a magnetic
refrigeration system.

2 Characterization of magnetocaloric materials

The measured materials are from La(Fe;_x_yCoxSiy);3 fam-
ily, having different stoichiometries (Table 1) and, therefore,
different transition temperatures.

The relevant thermodynamic parameters to characterize
the MCE of a magnetic material are:

— AS7: Entropy change of the sample when the magnetic
field is increased isothermally.

— ATg: Temperature change of the sample when the mag-
netic field is increased adiabatically.

We also obtain the specific heat of a sample at different
magnetic fields with our adiabatic calorimeter, using either
step C,, points or dynamic thermograms. The specific heat
varies greatly and its curves are therefore needed to evaluate
correctly the MCE of the material.

A summary of the most relevant parameters of the mea-
sured La(Fe|_x_yCo,Siy )3 materials is provided in tables
2 and 3.

2.1 Experimental set-up

The measurements required to determine the magnetocaloric
parameters were made using our installation, which consists
of an adiabatic system cooled by a cryocooler that can work
as an adiabatic calorimeter or measure directly both magne-
tocaloric parameters [7]. The magnet used in our installation
is a superconducting magnet providing fields up to 9 T. The
working temperature of the adiabatic system goes from 1.5
K to 350 K.

2.2 Heat capacity measurements

There are two ways of obtaining the specific heat of a sample
with our adiabatic calorimeter: step C,, points or dynamic
thermograms.

A step C, measurement involves the application of heat
to the sample vessel while maintaining the adiabatic screen
following the temperature of the vessel. C,, is computed as



Table 2 T, and C,(7;) of measured La(Fe;_x_yCoxSiy)13 compounds.

Variable La(Feo.853C00.067510.08)13  La(Feo.842C00.079Si0.079)13  La(Feo.834C00.088Si0.078)13
T. (K) 2717.5 295.7 307.0
C, (J/(kg-K)) 871.7 807.3 766.9

Table 3 Maximum values of -AS7(J/(kg-K)) and ATg(K) and their temperatures, for different field change values, of measured

La(Fej_x—yCoxSiy)13 compounds.

La(Feq.853C00.067510.08) 13

La(Feq.842C00.079S10.079) 13

La(Feq.834C00.088S10.078) 13

Field mef ‘AST,mux mec 'ASTAmax Tmax 'ASTtmax
08T 279.9 4.9 298.7 4.1 310.8 3.6
1.6T 2805 8.7 299.2 7.0 311.2 6.3
3T 281.5 12.9 300.0 11.0 312.0 10.3
5T 282.9 17.5 301.0 15.8 313.0 14.5
Field Tmax ATS ,max Tmax ATS ,max Tmax ATS ,max
0.8T 280.1 1.8 298.6 1.7 311.5 1.6
1.6T 2804 33 298.9 3.0 311.6 2.9
3T 281.0 53 299.3 5.0 312.1 4.9
5T 281.8 7.9 300.0 7.6 312.7 7.2

the applied heat, Q, divided by AT, where AT is the temper-
ature increment.

A thermogram consists on heating or cooling the vessel
at a slow constant rate at around 1 mK/s and recording the
temperature vs. time 7' (). This 7'(¢) curve is later converted
to a C,(T) curve [7]. A temperature controller maintains
a fixed temperature difference between an adiabatic screen
and the internal vessel containing the sample. This turns into
a heat gain or loss through conduction and radiation terms,
from which we deduce the C,,(T') curve.

An example of C;, measurements obtained for MPS1175
is shown in Figure 2.
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Fig. 2 Measured C, /R curves for MPS1175 at three field values. The

curves were obtained from thermograms, while the points marked with
symbols were obtained from steps.

2.3 Measuring the magnetocaloric parameters

Isothermal entropy change: The ASt measurements are per-
formed differently depending on whether the material shows
direct or inverse MCE. A material with direct MCE tends to
cool when the magnetic field is removed. In order to per-
form this operation isothermally, heat must be applied to
the vessel to keep the temperature constant. Hence, ASt
can be given as —Q/T, where Q is the heat applied dur-
ing the process and T the constant temperature. When the
material presents inverse MCE, the procedure is the oppo-
site, the magnetic field is increased, and again heat must be
applied to make the process isothermal. In this case, ASt
is expressed as +Q/T. This experimental method was de-
scribed in [8].

Adiabatic temperature change: The procedure to measure
ATy is to change the magnetic field applied to the sample
and measure the temperature increase, while maintaining
adiabatic insulation [7]. The magnetic field is successively
increased from O to 5 T in a succession of steps and then
down to 0 T again.

Our results have been compared with literature values
obtained in compounds of the same family at other fields [9].
The comparison of our values with other previously pub-
lished results is not direct due to the lack of results given un-
der the same conditions. Nevertheless, the regularity of the
thermodynamic values along this family of compounds al-
lows a comparison through a combined interpolation in field
and in temperature. The comparison with values reported
for three samples of the same family [9] showed differences
lower than 5% for all the parameters Cp,, ASt and ATg. This
is a very good agreement, taking into account that we are



using the external field applied and not the resulting internal
field in the samples, as the referred paper does.

3 Interpolation of materials’ properties

We have found that, at least within the temperature range of
interest, the La(Fe;_x_yCo,Siy)3 family of materials fol-
lows a corresponding states law, which allows the predic-
tion of the materials’ parameters of interest by interpolation.
Using the data of two materials plus the temperature of the
peak for the variable considered in a new material, we can
obtain the whole plot of the variable for the new material.
This means that we can approximate ATg, AS7 and C, just
by knowing their peak temperatures. Also, peak tempera-
tures at different magnetic field values can be approximated,
given the measured values at different fields for several of
these materials, with different transition temperatures. The
interpolated curves match almost perfectly with the mea-
sured data (Figure 3).

Since we interpolate only the anomalies of the curves,
in the case of C,/R, the interpolation process must start
with the substraction of the base line, for which the C,/R
of LaFe,Si, whose peak temperature lies below 200 K, was
used, adjusting it by means of a Debye function plus a lin-
ear electronic contribution. Since the temperatures of inter-
est are between 270 and 310 K, this can be approximated
using a straight line (1).

C
%:31.12+3.885x10‘2xT (1)
After this, a normalization of the temperature is done for

the reference materials:

2

where Tp is the peak’s temperature of the material and x
is the normalized temperature. After a linear interpolation
along the y-axis, the variable change is undone and, in the
case of Cp, /R, the base line is added to the results.

The values of ATg, ASt and C), are later defined as dou-
ble interpolation tables in B and T in the simulation model,
which finally provide the value of these parameters at the
field and temperature at which the material is subjected. The
practical result is like having a set of response curves for
every parameter as it is shown in Figure 4 as an example.

4 Obtaining derived materials’ properties

The model to be simulated is based on a rotatory cylindrical
double Halbach magnet system. It produces a field which
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Fig. 3 Interpolation and extrapolation of C,/R of three previously

measured materials, starting from the data of the other two measured

materials of the family. The interpolated or extrapolated curves are
shown as solid lines and the measured data are shown with symbols.
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Fig. 4 Interpolation of C,/R at different magnetic field values using
the measurements at three fields, for the material MPS1180. Measured
curves are solid, while dashed ones are interpolated. Starting from the

right-bottom side, interpolated field values are: 0.2, 0.4, 0.6, 1, 1.3 and
15T

varies continuously from a minimum value (ideally 0 T) to a
maximum value and back to the minimum value. The MCE
power is calculated with the expression:

d(aTs)  d|B|
dB dr
where p is the density.

C, depends on the temperature and the magnetic field,
d(ATy)/dB is a function that also depends on the tempera-
ture and the magnetic field and B depends on time and on the
position within the magnets’ assembly (ideally, the position
along the longitudinal axis of the concentric magnets).

Using expression (3), the AS7 measurements are not nec-
essary. However, they would be necessary if the applied mag-

WMCEZPXCpX

3)



netic field could be regarded as a stepping system, going
instantaneously from minimum field to maximum field and
viceversa.

A procedure has been developed in order to obtain the
derivative d(ATs)/dB for every field, starting from the mea-
sured ATy data: First obtain a four point interpolation func-
tion for every temperature in the data set, ATs = a; X B+
a; x B?. Then, smooth out a; and a, (OriginPro™ smooth-
ing tools were used for this purpose) and calculate the deriva-
tive analytically:

d(ATs)
dB

=dad;+dxB 4)

The obtained set of functions (one for every tempera-
ture value in the data set) is used to obtain the values of
the derivative at the temperatures and magnetic field values
in the data set, forming a double interpolation table (mag-
netic field and temperature) which is later defined in Comsol
Multiphysics™ as such.

C, data are also turned into double interpolation tables
and defined in the simulation software as well, while d|B|/dt
values are obtained by defining an analytical function in the
model.

For the double Halbach assembly, if only the exterior
magnet is rotating while the interior one is fixed, d|B|/d¢
can be expressed with equation 5. If both magnets rotate,
the derivative is given by equation 6.

%3‘ = —TfBuasin(nft); (dn—1)7 <zmft <(4n+1)3
% = TfBuaxsin(mft); (4n+1)5 < mft < (4n+3)%

(5)
8|

G = 27 fBuaxsin(2nft); (4n—1)F <2mft < (4n+1)

Y — 21 f By sin(27f1); (4n+1)E < 2mft < (4n+3)%
(6)

In both of the above equations 5 and 6, f is the rotation
frequency, B,y is the maximum magnetic field and 7 is a
non negative integer.

5 Conclusions

As a general conclusion from this MCE and calorimetric
characterization we obtained very precise values for the rel-
evant parameters, C,, ASy and ATy, of some compounds of
the La(Fe;_x_yCoySiy)13 family, which are practical mate-
rials for cooling applications, around room temperature.

A method to obtain d(ATs)/dB and a material interpola-
tion procedure have been developed and applied to MCMs
of the La(Fe;_y_yCoySiy)13 family, in order to obtain the
necessary data to carry out magnetic refrigeration simula-
tions, without the need of measuring the ATs, AS7 and C,
of all the materials used in the magnetic refrigerator model.
The methodology also allows to approximate the tempera-
ture of the peaks of ATg, ASt or C,, of a given material of the
family, just by knowing the temperature of one of them. This
allows simulating combinations of La(Fe;_y_yCoySiy )13 ma-
terials with different transition temperatures, even before they
are available, in order to seek the optimum MCM combina-
tions for a given cooling system.
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