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• simultaneous monitoring of magnetic-
field induced temperature change of
magnetocaloric core and surrounding
steel jacket

• 75% of the intrinsicΔTad in La(Fe,Co,Si)13
can be used directly asΔTeff at the jacket
for field-frequencies of b2Hz

• inverse thermal hysteresis of the core
temperature change observed for field
frequencies N10Hz

• numerical simulations provide guide-
lines for the best choice ofmaterial com-
bination in magnetocaloric composite
wires
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Magnetocaloric composite wires have been studied by pulsed-fieldmeasurements up to μ0ΔH=10Twith a typ-
ical rise time of 13ms in order to evaluate the evolution of the adiabatic temperature changeof the core,ΔTad, and
to determine the effective temperature change at the surrounding steel jacket,ΔTeff, during the field pulse. An in-
verse thermal hysteresis is observed for ΔTad due to the delayed thermal transfer. By numerical simulations of
application-relevant sinusoidal magnetic field profiles, it can be stated that for field-frequencies of up to two
field cycles per second heat can be efficiently transferred from the core to the outside of the jacket. In addition,
intense numerical simulations of the temperature change of the core and jacket were performed by varying dif-
ferent parameters, such as frequency, heat capacity, thermal conductivity and interface resistance in order to
shed light on their impact on ΔTeff at the outside of the jacket in comparison to ΔTad provided by the core.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
1. Introduction

The need to develop novel cooling technologies to conventional re-
frigeration and air-conditioning is urgent in view of the growing energy
.

. This is an open access article under
demand of the refrigeration sector and its growing contribution to cli-
mate change [1]. This factor is taken into account for example by the re-
vised European F-gas regulation (No 517/2014) aiming for the
successive reduction of fluorinated greenhouse gases “by 80–95%
below 1990 levels by 2050” [2].

Magnetic refrigeration is a solid state cooling technology based on
the magnetocaloric effect exhibited near the magnetic phase transition
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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of a material. Despite a huge number of prototypes have been devel-
oped during the last years as proof-of-concept, commercialization of
magnetic refrigeration is not fully accomplished. The road map of
Gottschall et al. summarizes the requiredmagnetocaloricmaterial prop-
erties and the obstacles that need to be tackled by the construction of a
magnetic refrigerator to enhance the market opportunities of magnetic
cooling [3]. An essential aspect is the shaping of themagnetocaloric ma-
terials into suitable heat exchanger geometries. To optimally exploit the
cooling potential of the magnetocaloric material, the design of the heat
exchanger geometry needs to satisfy two diametric requirements:
Coarse structures ensure a low pressure drop over the working length
of the heat exchanger while a high surface-to-volume ratio provided
by small, porous structures is required at the same time to ensure an ef-
fective heat exchange. Since the most promising material families con-
sidered for room-temperature application are intermetallic phases,
such as the La(Fe, Si)13-based or (Mn, Fe)2(P, Si)-based alloys [4], the
choice of shaping technologies for the manufacturing of optimally de-
signed heat exchangers are limited. Apart from the simple geometries,
such as lose powder beds and plane plates, more advanced shapes
have been produced by extrusion [5], additive manufacturing [6] or
tape casting [7,8]. These methods allow a high design flexibility, how-
ever, the required post-heat treatment leads to a severe reduction of
mechanical integrity and in consequence cyclability. Several metal-
bonded composites with different low-melting elements or alloys
have been produced by hot-pressing, recently [9–13]. However, no
filigrane structureswere realized in these publications. In [14], compos-
ite wires with a magnetocaloric (active) La(Fe,Co,Si)13-core cladded by
a non-magnetocaloric (passive) austentitic steel jacket were produced
by applying the powder-in-tube (PIT) process. This process was applied
for thefirst time on amagnetocaloricmaterial.Wires can serve as versa-
tile building units for a variety of arrangements, such as parallel bundles,
parallel and corrugated pin rows, or meshes, to make heat exchanger
structures that comply the above mentioned trade-off between pres-
sure loss and heat transfer. Moreover, the austenitic steel jacket pre-
vents the magnetocaloric material to disintegrate during magnetic
cycling and its corrosion is inhibited. Despite the unpromisingmechan-
ical properties of the magnetocaloric material, the composite wires
were swaged down from 6 mm to 1 mm with a resulting steel jacket
width of b0.1mm. The resulting fraction of the corematerial in the com-
posite wires is as large as 58 vol% which is close to the value of recently
produced composite plates [15–17]. The entropy change after mechan-
ical deformation during the PIT process is restored to the value of the
reference sample by a short-time heat treatment. However, it is not triv-
ial to study the heat flows within and out of such a wire in the fast
magnetic-field-sweep rates that are typically used for magnetic refrig-
eration. In this article, the thermal-transport properties of
magnetocaloric La(Fe,Co,Si)13-based composite wires are investigated
by means of direct measurements of the adiabatic temperature change
induced by a magnetic-field pulse in the core and simultaneously re-
cording the temperature change at the outer surface of the steel jacket.

The results of the present study are divided into three parts: First,
the field-dependent evolution of the adiabatic temperature change in
field pulses of up to 10 T in ≈13 ms of the magnetocaloric La(Fe,Co,Si)
13-core is discussed and compared to theΔTad- and ΔsT-profiles derived
from quasi-static measurements. The second part considers the steel
jacket as non-magnetocaloric heat sink. For this, pulsed-field measure-
ments of the composite wire are presented to determine the influence
of the steel jacket on the effectively usable temperature change for
heat exchange in the magnetocaloric regenerator. Numerical simula-
tions of the temperature profile during the field pulse are utilized to ex-
plain the process of thermal conduction within the La(Fe,Co,Si)13
composite wire. Based on this, the third part is devoted to the numerical
simulations of the achievable effective temperature change ΔTeff under
different operational conditions and for different material combinations
in order to identify the dominant thermal properties influencing ther-
mal conduction processes in the composites.
2. Experiments and methods

The samples were prepared as described in Ref. [14], in which the
successful application of the Powder-in-Tube process for La(Fe,Co,Si)
13-based alloys is shown. The magnetocaloric powder was cladded in a
seamless steel tube and successively swaged to a diameter of 1 mm
with a wall thickness of about 100 μm. For the measurements, samples
with a length of 8 mmwere used, i.e. a complete composite as well as a
sole corewith removed steel jacket that served as reference. For the sole
core reference, the jacket of the composite was ground off. The progress
was monitored by X-ray computed tomography to ensure that no sur-
rounding steel was left.

The adiabatic temperature change and the thermal behavior be-
tween core and jacket were investigated using a pulsed-field mag-
net. This measurement technique is based on the principle that a
short, very strong current pulse generates a high magnetic field to
which the sample is exposed [18]. The temperature change was
measured by fine twisted type T thermocouples consisting of cop-
per and constantan wires with a diameter of 25 μm [19,20]. These
thermocouples were attached to the samples as well as to the
back of the sample holder at the reference point for temperature
monitoring. The core sample that should be used as comparison to
the wire was cut in half, the thermocouple was attached with
silver-based epoxy and the two parts were glued together in order
to achieve the largest possible contact area between the thermo-
couple and the sample surface.

The composite wire sample needed to be equipped with two ther-
mocouples. Also the wire sample was halved and glued together with
one thermocouple attached by silver-based epoxy in the center of the
core, the second one was mounted on the outside of the jacket. The po-
sitioning of the thermocouples was verified by X-ray computed tomog-
raphy. The resulting images can be found in the Supplementary
information (Fig. S1). 2D images of the contact area of the inner and
outer thermocouples are shown and the difference between them in
terms of positioning at the magnetocaloric core and at the non-
magnetic jacket is presented. Both samples were alignedwith their lon-
gest axis along thefield in order tominimize demagnetization effects. In
order to control the temperature of the sample assembly, the holder
was surrounded by a heater and its temperature was determined by a
calibrated Pt100 resistance. After sample preparation and installation
of the heater, the entire assembly was inserted into the measuring sys-
tem and a high vacuum (p = 5 × 10−5 mbar) was applied. Magnetic-
field pulses were emitted for 2, 5 and 10 T in≈13 ms. For each sample,
six temperatures were measured around the magnetic transition tem-
perature of the La(Fe,Co,Si)13-core in a range between 300…325 K. For
each field and temperature step, two pulses - one in positive and one
in negative field direction - were applied in order to average any inter-
fering signal.

The specific heat in magnetic fields of 0, 2, 5 and 9 T was measured
using a Physical Property Measurement System (PPMS) from Quantum
Design. The calorimeter employs the relaxation method to derive the
heat capacity [21]. From this data, the adiabatic temperature change
ΔTad and the isothermal entropy change ΔsT as a function of the initial
temperature and the magnetic field were obtained by 3D interpolation
(cf. Fig. S2). The smoothed surfaces resulting from this are illustrated
in Fig. S2. The simulation of the magnetocaloric effect and thermal
transport were performed using Comsol Multiphysics. Therefore, a 1D
rotational symmetric model of the composite with similar dimensions
was created. The local magnetocaloric effect dT= dT(r,T(r),H) was esti-
mated for eachmagnetic-field increment based on the heat capacity re-
sults (see Supplementary information section IVB). For the La(Fe,Co,Si)
13 core, the density ρ = 7.4 g cm−3 and thermal conductivity λ =
7.2 W m−1 K−1 were used [3] for the numerical simulations. The steel
jacket was described with the parameters cp = 510 J kg−1 K−1, λ =
40 W m−1 K−1, and ρ = 7.75 g cm−3. Time-dependent simulations
of the heat transfer have been done for the sole La(Fe,Co,Si)13 core
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and for the composite wire using different magnetic field profiles and
material properties.
Fig. 2. Comparison of the adiabatic temperature changeΔTad of the separated La(Fe,Co,Si)
13-core determined indirectly by heat capacity measurements in static fields and directly
from pulsed field measurements. The simulated ΔTad at μ0ΔH = 2 and 5 T is shown by
the dashed and dotted curves, respectively.
3. Results and discussion

3.1. Magnetocaloric characterization of the La(Fe,Co,Si)13-core in pulsed
and static field

In Fig. 1, the typical progression of the sample temperature Ti
upon a magnetic pulse is shown for the separated La(Fe,Co,Si)13-
core material. The magnetocaloric effect occurs upon increasing
magnetic field and the material heats up. The hysteresis occurring
for pulses μ0H N 2 T can be understood by including the time profile
of each field pulse (right in Fig. 1 and more detailed in Fig. S4). The
field rate, μ0dH/dt, during magnetization increases from 0.14 T/ms
to 0.38 T/ms to 0.78 T/ms for 2, 5 and 10 T-field pulse, respectively.
The increase of the hysteresis for high-field pulses, indicates a lim-
ited thermal exchange between the core and the thermocouple,
whereas the coupling for the low-field pulse of 2 T is sufficient.
On the contrary, during demagnetization, the rate of decay
−μ0dH/dt is exponential for each pulse and much slower than the
magnetization rate, i. e. the cooling curve for the 2, 5 and 10 T
pulse follow the same line. A detailed discussion on the pulsed-
field rates can be found in [22].

The temperature-dependent adiabatic temperature change was de-
rived from magnetic-field pulses at different Ti around the transition
temperature of the core, as shown in Fig. 2. Additionally,ΔTad calculated
from heat capacity measurements is shown for comparison. Although
these measurements are performed in static magnetic fields, the values
of both methods correspond well indicating that the maximum ΔTad in
pulsed field is not affected by the thermal inertia of the core material.
For the discussion of the influence of the surrounding steel on the effec-
tive adiabatic temperature change,ΔTeff, the full magnetocaloric charac-
terization of the core material is essential. Based on the heat capacity
measurements, the ΔTad- and ΔsT profile of the La(Fe,Co,Si)13-core was
simulated (Fig. S2). As can be seen in Fig. 2, the projection of the
temperature-dependent ΔTad for constant magnetic field in the simula-
tion agrees well with the values calculated from the heat capacity mea-
surements. This verifies the validity of the finite elementmodel used for
the numerical simulation.
Fig. 1. Field-dependence of sample temperature change of the separatedmagnetocaloric core ne
of the magnetic-field pulses, labels indicate the rise time of the pulse (right).
3.2. Temperature of the core and of the jacket in the PIT wire in pulsedmag-
netic fields

Considering the field-induced temperature change of the core, adia-
batic conditions are no longer valid due to the thermal exchange be-
tween core and jacket. Hence, ΔT rather than ΔTad will be used during
the following discussion.

In Fig. 3a, the time-profile of the temperature change induced by the
magnetic-field pulse for the core and surrounding jacket is shown. As
themagnetic field increases, the core exhibits themagnetocaloric effect
and temperature increases by ΔT (core). During this magnetization, the
surrounding steel jacket is heated by the core, i. e. its temperature is in-
creased by ΔTeff (jacket). However, the maxima of ΔT and ΔTeff are
shifted in time, indicating that a full heat transfer from core to jacket
is not completed until the peak field is reached. This can be also con-
cluded from Fig. 3b depicting the sample temperature change as a
ar the transition temperature as a result of μ0ΔH=2, 5, 10 T-field pulse (left). Time-profile



Fig. 3. a) Evolution of the temperature change ΔT of the magnetocaloric core and steel jacket during the magnetic-field pulse (illustrated by the green dotted line), b) ΔT plotted as a
function of magnetic field. The red and blue curves correspond to the core and jacket material, respectively. Shown data applies to Ti = 312 K.

Fig. 4. Experiment and numerical simulation of the temperature change in the composite
wire upon a magnetic-field pulse up to 2 T.

4 M. Krautz et al. / Materials and Design 193 (2020) 108832
function ofmagneticfield instead, shown for better tangibility. The ther-
mal coupling between the core and jacket results in a “reversed” hyster-
esis of the core.

In order to understand the behavior of the temperature change in
the composite wires, numerical simulations were performed by includ-
ing the thermal properties of the core and steel. From [23] it is known,
that the thermal resistance, Ri, between the components plays a crucial
role for their heat exchange. Therefore, thermal resistance was varied
between Ri = 10−5…10−2 K m2 W−1. The best fit for the experimen-
tal data is obtained for the value of Ri = 10−4 K m2 W−1, which is
three orders of magnitude smaller than the Ri in the polymer-bonded
composites reported in [23]. In Fig. 4, the obtained simulated tempera-
ture change in pulsed fields is shown, in comparison to the measured
data. Additionally to the core and jacket temperature evolution, the
temperature at the interface can be drawn from the simulation (grey
in Fig. 4). The largest difference between measurement and simulation
is observed for the core material. This can be explained by the position-
ing of the thermocouple monitoring the core temperature change. As
can be seen in S1, this thermocouple is located between two pieces of
the PIT-wire which are not perfectly concentrically aligned to each
other: On one side the thermocouple touches not only the wire core,
but also the steel jacket, whereas the other side fully touches the
magnetocaloric core. The signal from this thermocouple, therefore, is
slightly influenced by the steel jacket. However, the full characteristics
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of the field hysteresis of both, the jacket and the core, are fully
reproduced by the numerical simulations.

From these findings, it can be concluded that the understanding of
the heat transfer mechanism between core and jacket is crucial to un-
derstand the remaining effective temperature change in the jacket.
This would be the figure of merit to rate the performance of the
powder-in-tube composite wires. In the following section, numerical
simulations to determine the dominant parameters (material combina-
tion and frequency) on ΔTeff are shown for application relevant sinusoi-
dal field changes.
3.3. Influence of thermal properties on ΔT in sinusoidal field

The results of the finite element analysis perfectly describe the
observations of the experiments despite the short duration of the
magnetic pulse of only a few milliseconds. For this reason, it is ap-
propriate to adapt our model to other magnetic-field profiles, at
least for timescales in the order or lower than the pulsed-field ex-
periment. For the sake of simplicity, a sinusoidal field profile was
chosen as it is created by the opposing rotation of two nested
Halbach magnets [22]. In Fig. 5a, the simulated temperature change
of the core (solid lines) and jacket (dashed lines) for a 2 T pulse and
sinusoidal field profiles with various frequencies are illustrated. As
discussed above, the temperature change of the jacket is lagging be-
hind the core in the pulsed field experiments because only a limited
amount of heat can be transferred to the outside of the composite.
However, this allows the core to achieve a larger temperature
change. If the magnetic field is applied slower, the jacket can follow
faster, which reduces the maximum ΔT of the core. This effect be-
comes apparent when comparing the temperature dependencies
for field frequencies of f = 2.5, 1 and 0.5 Hz in Fig. 5a. It can be
seen that the respective curves for core and jacket are getting closer
the more time is available for the heat exchange. It should be noted
that the magnetic field is acting with B(t) = B0|sin(2πft)| on the
sample meaning that for a f = 2.5 Hz the composite is magnetized
and demagnetized 5 times each second.

If the temperature change in the respective maximum field is con-
sidered, the following frequency dependence as shown in Fig. 5b is ob-
tained. For low frequencies, the temperature change of the core and
jacket can considered to be equal. However, it can be seen that splitting
occurs at frequencies above 1 Hz. This indicates that the sample can
complete two field cycles per second. In Fig. 5b, also the temperature
change at the interface is plotted. This shows that a significant temper-
ature gradient builds up at larger frequencies. Videos of the time-
Fig. 5. a) Resulting temperature change in the core (ΔT) and steel jacket (ΔTeff) when the mag
different operation frequencies. The field change corresponds to 2 T at a starting temperature
dependent simulation results can be found in theOnline supplementary
material.

In the following, the influence of the jacket material on the compos-
ite performance is discussed. This is summarized in Fig. 6. The tempera-
ture change of the core, the jacket, and the interface depending on the
volumetric heat capacity of the jacket for a sinusoidal magnetic field
profile with a maximum field of 2 T and a frequency of 2.5 Hz is plotted
in Fig. 6a. The thermal conductivity and the contact resistance remain
unchanged. For the limit case of a negligible heat capacity of the jacket,
the temperature change approaches themaximum possible ΔT of about
2.42 K.However, if an ever increasingheat capacity is assumed, the tem-
perature change on the outside and also of the core material is reduced,
since the jacket acts as a heat load. Severalmaterials are givenwith their
volumetric heat capacity in Fig. 6a for comparison. It is found that steel
is not the best choice as a jacket material in terms of performance, e.g.
copper and aluminium only lead to little enhanced thermal coupling
of the composite. However, the manufacturability using the powder-
in-tube process must be taken into account, which is why material
properties such as strength, ductility and temperature stability must
be suitable as well. Steel is ideally suited in this context. However, the
performance can be further improved by reducing the thermal load
while further reducing the thickness of the jacket.

Despite this, the influence of thermal conductivity is investigated
(Fig. 6b). For this, the heat capacity of steel is utilized and the interface
resistance is Ri = 10−4 K m2 W−1 as before. It can be seen that the
temperature changes are unaffected by a change of the high thermal
conductivity of the jacket being typical for metals. Instead, only below
λ=1 W m−1 K−1 as for polymermaterials such as PTFE, a decisive re-
duction of the usable temperature change on the outside of the tube is
observed. This shows, however, that at least for metallic jacket mate-
rials, the thermal conduction is not the limiting factor that determines
the performance of the composite.

Finally, the role of the thermal contact resistance of the interface be-
tween the active La(Fe,Co,Si)13 core and the passive steel jacket is
discussed. This is illustrated in Fig. 6c. For small resistances ofRi b 10−4 -
K m2 W−1, heat can penetrate to the outside almost without hin-
drance. A temperature gradient can therefore not build up at all.
However, if the thermal resistance at the contact surface increases, e.g.
by gaps and pores, the temperature change of the jacket is significantly
reduced. That can even go to the point that for values of Ri =
10−2 K m2 W−1 and higher, as described for epoxy-bonded compos-
ites [23], the core is virtually isolated from the outside by the polymer.
This shows that the nature of the interface and its permeability for
heat is the decisive factor for heat conduction. To summarize, it can be
concluded, that the presented composite wires are suitable for typical
netic field is applied with different time scales, b) summary of resulting ΔT and ΔTeff for
of Ti = 312 K.



Fig. 6. Resulting ΔT and ΔTeff when different jacket materials are combined with La(Fe,Co,Si)13 as core: a) Influence of volumetric heat capacity, b) thermal conductivity and c) interface
thermal resistance.
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operation conditions of up to five field cycles, since the effectively us-
able temperature change, ΔTeff, at the jacket in f = 2.5 Hz is 75% of the
temperature change that occurs intrinsically in La(Fe,Co,Si)13 under adi-
abatic conditions (cf. Figs. 2 and 5a).

4. Summary and conclusions for the design of magnetocaloric
composites

The findings of the presented study are two-fold: First, the perfor-
mance of a particular material combination is evaluated by pulsed-
field measurements and combined numerical simulations on La(Fe,Co,
Si)13/steel wires prepared by the PIT-process. The second aspect com-
prises an extended view on alternative jacket materials to replace the
austenitic steel. Results of numerical simulations of ΔT and ΔTeff are
gained from the variation of different material parameters, spanning
several orders of magnitude in order to comprise all material classes
in debate as potential jacket materials.

Conclusions for La(Fe,Co,Si)13/steel wires as presented in [14]:

• ΔTeff at the outside of thewires andΔT of the core are equal up to two
field cycles per second
• above two field cycles, the maximum ΔTeff is delayed and hence re-
duced in comparison to ΔT of the core

• ΔTeff is governed by the heat capacity of the steel jacket, but not by the
thermal conductivity due to the thickness of the jacket of only
≈0.1 mm

• in pulsed field (at operation frequencies N 10 Hz) an inverted hyster-
esis ofΔT of the core is observed due to the delayed heat exchange be-
tween core and jacket.

With respect to alternative jacket materials the following conclu-
sions can be drawn:

• considering volumetric heat capacity instead of mass-related heat ca-
pacity is recommended to discuss the effectiveness of the passivema-
trix material

• as the thickness of the jacket is small (≈0.1 mm), the effective adia-
batic temperature change, ΔTeff, is almost independent of the heat
conductivity of a given metal, e.g. Cu only lead to 5% enhancement
of ΔTeff due to slightly reduced volumetric heat capacity compared
to steel
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• bonding between passive and active material is crucial for heat ex-
change and resulting ΔTeff (low thermal interface resistance).

These findings affect the materials choice and can be generalized to
all magnetocaloric composites so far: Instead of varying the matrix ma-
terial, e.g. by using metal-loaded polymer in plates or copper as jacket
material for wires, the focus should lie on the reduction of the volumet-
ric amount of the passive matrix material. The following directives help
to prioritize the optimization factors for future composites:

1. Reduction of the volume fraction of passive matrix material
2. Deployment of magnetocaloric material with large ΔTad to compen-

sate losses due to the passive matrix
3. Avoid gaps at the interface between matrix and magnetocaloric ma-

terial, ideal would be a chemical bonding.
It is to note, that such a generalizing study can also help to find

promising material combinations for other applications of
magnetocaloric materials, such as for field switches in thermomagnetic
generator devices, although specific target figures might be opposite.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2020.108832.
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