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The study contains a description of magnetic properties of LaFeCoSi/FeCoV structure. The hybrid structure
contains magnetocaloric LaFeCoSi core with high-induction ferromagnetic laminations. The magnetic field inside
the magnetic structure is gained by the fringe field from FeCoV laminations. Results of modelling and experimental
investigations of modified magnetic properties of LaFeCoSi/FeCoV structure were presented and discussed in the
paper.
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1. Introduction
The discovery of the giant magnetocaloric effect in
1995 resulted in the growth of interest in magnetocaloric
materials. It stems from the fact that the magnetocaloric
effect (MCE) can be used for magnetic refrigeration
in the room temperature. Currently, several types of
magnetocaloric materials (MCM) are intensively developed and frequently used in prototype magnetic refrigerators. Among these materials are compounds of Gd–
Ge–Si [1], MnFe(P,Si) [2], MnFe(P,As) [3], La–Fe–Si [4],
La(Fe,Si)H [5, 6], La(Fe,Co)Si [7–9] and La(Fe,Mn)Si–
H [10]. The newly emerging solutions use La–Fe–Sior Mn–Fe–P compounds due to their entropy changes
|∆SM AX | = (10÷25) J kg−1 K−1 and the adiabatic temperature changes ∆TAD = (5 ÷ 7) K in a magnetic field
µ0 H less than 2 T [11]. The above-mentioned peak values of the parameters |∆SM AX | and ∆TAD are reached
only in a small operating temperature range in immediate
vicinity of the Curie temperature of magnetocaloric material. Another limitation is frequently referred to the actual value of the magnetic field when permanent magnet
systems are used as a source of magnetic field. Typically,
an achievable magnetic field below 1 T is still sufficient
to obtain heat transport with the adiabatic temperature
change ∆TAD more than 1 K [11]. In that case, MCE is
much sensitive to operating temperature of MCM, spatial
distribution of magnetic field, frequency of refrigeration
cycle and other factors [12]. Temperature and frequency
are strictly operating parameters while the effective value
and spatial distribution of the magnetic field are design
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parameters [13, 14]. Improved spatial uniformity of the
magnetic field in the regenerator’s bed may indirectly
improve the relative cooling power (RCP) of the magnetocaloric refrigeration cycle [11, 12]. Considered changes
can be introduced by the use of additional ferromagnetic
layers (FM) having a substantially higher Curie temperature TC . This paper presents the study on magnetic
properties of the hybrid structure in the FM/MCM/FM
configuration. Ferromagnetic laminates FeCoV (Vacuumschmelze commercial grade: Vacoflux 50) and a magnetocaloric sintered powder LaFeCoSi (Vacuumschmelze
commercial grade: Calorivac C) were used for testing.
The evaluation of magnetic properties of the structure
was carried out on the basis of measurements and the
magnetic field distribution has been estimated from FEM
analysis.
2. Hybrid structure and instrumentation
The test structure was made as a laminated closed
magnetic circuit in the shape of a square (Fig. 1). The
magnetocaloric core was assembled of four uniform plates
which were made of the LaFe10.8 Co1.1 Si1.1 (Calorivac
C) sintered powder with a defined Curie temperature of
300 K. The overall dimensions of the applied plates were
40 × 17 × 5 mm3 respectively, and the total mass of the
magnetocaloric core equals mM CM = 94.10 g. The outer
surfaces of the test core were covered with ferromagnetic
(FM) laminations of the Fe49.1 Co49.0 V1.9 (Vacoflux 50).
The total thickness of a single FM lamination was 400 µm
and the total weight of all laminations in the structure
was 15.98 g. The cross-sectional ratio of FM/MCM surfaces defined as γs = sF M /sM CM was on the level of
0.16.
Schematic diagram (Fig. 1) shows the assembling
method of the structure in the sample holder, windings
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temperature equals 1223 K, respectively. Table I shows
key physical parameters of used materials.
TABLE I
Parameters of magnetic components
in the hybrid structure.
Parameter
JSAT [T]
µr max
Ps [mW/kg]

Vacoflux 50
2.25
6200
104

Calorivac C
0.75
1000
8

8120
1233

7288
300

(T = 300 K,
fmag = 1 Hz)

ρ [kg/m3 ]
TC [K]
Fig. 1. Diagram of the tested structure with FM laminations and MCM core.

The test hybrid structure remains in the ferromagnetic
state above the temperature of 300 K, while MCM core
without FM laminations exhibits paramagnetic properties (Fig. 2a,b).

and clamping system to reduce gaps and magnetic reluctance between FM and MCM components.
Measurements of magnetic parameters were performed
under adiabatic conditions. A compact thermostatic
chamber equipped with a thermoelectric heat pump
(nominal power of 98 W) and LTC1923 controller was
used for the thermal control of the tested structure.
Long-term stability and accuracy of the setpoints was
less than 0.2 K in the temperature range from 280 K to
350 K for the settling time of 3600 s.
Hysteresis loops, magnetic parameters Jmax , Hmax , Br ,
Hc and their temperature dependences were measured in
accordance to IEC 60404-06: 2004. Applied instrumentation and the measurement system were elaborated on
another paper [15]. Power losses Ps were measured with
the usage of the unbalanced bridge method (UBM) [16].
The UBM is a more accurate method in the case of measurements of ultra-low power losses resulting from the
quasi-static magnetization fmag = 1 Hz and magnetic
properties of the structure in the magnetic phase transition.
3. Magnetic properties of the FM/MCM/FM
structure

Fig. 2. Influence of temperature on peak magnetic polarization Jmax (a) and the shape of the quasistatic hysteresis loops at given frequency fmag = 1 Hz (b).

The modified magnetic properties of the hybrid structure consisting of two materials with different Curie temperatures were tested in the temperature range including the Curie temperature TC = 300 K of the magnetocaloric material. In the range from 292 K to 350 K
measured magnetic polarization Jmax in the hybrid structure drops to the value of 0.43 T while reduced polarization Jmax in MCM core without FM lamination does
not exceed 0.03 T. The influence of the temperature
on magnetic properties of the magnetocaloric compound
LaFe10.8 Co1.1 Si1.1 was discussed in paper [17]. The same
dependences of the FM laminations in the considered
temperature range can be neglected because the Curie

Significant decrease of the saturation Jmax within the
hybrid structure (Fig. 2a,b) is shifted towards the temperature of 340 K and remains relatively high. Collapse
of the saturation is strictly connected with the magnetic
phase transition in the MCM core. Descending permeability in the MCM components causes gaps between the
components of the structure and reduces average polarization. The decrease in the spatial distribution of the
polarization in the structure is twice smaller than it is in
the MCM without FM laminations. The measurements
indicate that the field distribution and the resultant magnetic parameters of the structure at a temperature above
TC depends considerably on the parameters of FM. In
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the immediate vicinity of the magnetic phase transition,
the influence of the FM on the magnetic properties is
dominant (Fig. 3a,b).

and causes a significant increase in energy loss per cycle
(Fig. 4b) compared to the loss in the MCM core without
FM laminations [17]. Coercive field and magnetic remanence of the hybrid structure (Fig. 3a) do not have an
impact on the hysteresis loss component. Nevertheless,
the local distortion in the shape of hysteresis loops observed in the considered range 1.5–2.0 T (Fig. 4a) does
not depend on the frequency fmag . It also results in
growth of the hysteresis loss component [17].
4. Magnetic flux distribution inside the
structure

Fig. 3. Set of minor hysteresis loops (a), permeability
and initial magnetization curves (b) of the hybrid structure at given temperature T = 300 K and fmag = 1 Hz.

The experimental results show that the process of magnetization of the structure undergoes a significant change
upon addition of FM laminations. Differences in magnetic parameters of applied materials translate directly
into changes in distribution of magnetic polarization in
the structure, even at low ratio γs . In order to analyze
the local distribution of the magnetic polarization, a twodimensional FEM model with a geometry corresponding
to the configuration of the test structure was developed.
A numerical analysis was conducted in the Comsol software which provides tools for modeling of multiphysics
nonlinear problems [18–20].
The model was submitted for steady state analysis
with preservation of the dimensions of the tested structure (Fig. 1) and experimental quasistatic studies at a
fmag frequency of 1 Hz. Non-magnetic components of the
sample holder and windings were predefined in software
accordingly to common relations J = f (H). Magnetic
components of the hybrid structure were defined by the
data from measurements (Fig. 5) and Vacuumschmelze
technical notes.

Fig. 5. Initial magnetization curves of the magnetocaloric (MCM) components and ferromagnetic laminations (FM) applied in the FEM model.

Fig. 4. Influence of magnetizing frequency fmag on
hysteresis loops (a) and total energy loss per cycle (b)
at given temperature T = 300 K.

Ranging from 1.5 T till 2.0 T, the shape of the hysteresis loop J(H) is significantly changed (Figs. 2b, 3a).
This is the result of saturation in the MCM components

Significant differences in the parameters of non-linear
magnetic materials determine the distribution of the
magnetic field in the structure and translate into a change
in the average polarization. Experimental tests do not
give the possibility of carrying out the analysis of the local magnetic field distribution in the structure. In order
to observe the presence of FM in the structure, a separate
numerical analysis of the homogeneous MCM structure
and the hybrid one was carried out.
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structure exhibits ferromagnetic properties at temperatures above Curie temperatures of the magnetocaloric
core. Furthermore, the presence of FM laminations adjusts the spatial distribution of the magnetic flux. FEM
analysis indicates that the most important changes are
in the corners and near the FM-MCM contacts.
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