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ABSTRACT

Large magnetocaloric effects can be observed in materials with first-order magneto-structural phase transition. However, materials
with large thermal hysteresis show a reduced effect in moderate fields (~2T) because the external field is insufficient to induce a
fully reversible transformation. The hysteresis can be overcome or even exploited by applying a second external stimulus. A multi-
stimuli test bench has been built to demonstrate the multicaloric effect in FeRh alloy using a pulsed magnetic field up to 9T and a
uniaxial stress of up to 700 MPa. A cyclic multicaloric effect of +2.5K could be observed for a sequential application of a pulsed
field of 3T and a uniaxial stress of 700 MPa. The interplay among external field strength, thermal hysteresis, and the transition
width enables the use of pulsed magnetic fields and allows a decoupling of the applied magnetic field and the heat transfer process
in the multi-stimuli cycle.
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1. INTRODUCTION years, the possibility of using multicaloric materials exposed to
multiple external stimuli has been investigated in more detail,"*""’
especially for materials with both magneto- and elastocaloric
effects.'®'” The magnetoelastic coupling in these mulitcaloric mate-
rials allows a phase transition by multiple external stimuli, mag-
netic field, and uniaxial load. The research in the area of

Solid-state refrigeration is a promising alternative to conven-
tional vapor-compressing cooling systems and, for several decades,
an important research topic.'”” Caloric materials with first-order
phase transition can exhibit large caloric effects. However, the
inherent thermal hysteresis of first-order phase transition often pre-

vents a fully reversible phase transition for low or moderately single ~ multicaloric materials is ongoing and requires the optimization of
stimulus, which causes a reduction of the caloric effect under cyclic ~ both caloric effects. However, using multicaloric materials also
conditions.”” To obtain a fully reversible phase transition and large opens the possibility of developing new cooling concepts and over-
magneto-, elasto-, baro-, or electro-caloric effect, high external field coming drawbacks for several caloric materials with first-order
strength (magnetic field, stress, pressure, or electric field) is phase transition. The application of two stimuli is beneficial for
required. Several strategies to reduce thermal hysteresis are broadening the operating temperature span,”””' reducing the effec-
investigated,'’™"” often leading to a reduced caloric effect. In recent tive thermal hysteresis,’ and can also be used to reduce the
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magnitude of the applied external field.'™'” The latest is especially
important for elastocaloric materials since a reduction of the
applied uniaxial load can significantly increase the cyclic stability of
the material. The literature for multicaloric materials often only
contains studies on monocaloric effects; multiple caloric effects
are rarely investigated. Determining the multicaloric response of a
multicaloric material cannot be done by simply adding the corre-
sponding monocaloric effects due to the strong coupling between
the different degrees of freedom.”” But, a few multi-stimuli test
benches coupling the magneto- and elastocaloric effects have
developed in recent years. However, direct measurements of the
multicaloric effect or multi-stimuli calorimetry measurements are
essential since the transformation phase of the first-order phase
transition can vary depending on the different applied stimuli
and their specific configurations.”’ Regarding the configuration,
different application processes are possible: serial’** and paral-
lel'”*"** applications of external stimuli or the application of one
stimulus keeping the other one constant.”>*” The benefit of the
serial application is the decoupling of the application of the
stimuli and the heat-transfer process.”* In this six-step multi-
stimuli cooling cycle, the thermal hysteresis of the multicaloric
material is exploited to separate the forward and reverse transfor-
mation processes.

Figure 1 shows a serial, non-synergic multi-stimuli cycle using
a pulsed magnetic field to induce the first-order magneto-structural
transition of a multicaloric material and a uniaxial load to reverse
the transition. The thermal hysteresis of the material prevents the
reverse phase transformation when the external field/load is
removed, and the heat absorption and emission processes can take
place without the presence of the stimuli. This decoupling signifi-
cantly reduces the time the material has to be exposed to the exter-
nal magnetic field and enables the use of pulsed magnetic fields as
the source. Pulsed fields cannot be used in the magnetocaloric
cooling cycles or parallel (synergetic) multiferroic cooling cycles
using the magnetocaloric effect since the heat transfer process is
too slow compared to the pulse duration, and the heat transfer
process is coupled to the presence of the applied magnetic field.
Using a pulsed field also has the advantage that a higher field
strength of up to 10 T can be realized, while for single-stimulus or
serial multi-stimuli cycles, the magnetic field is limited to a
maximum of 2T since permanent magnets or electromagnets are
used for applying the external field.”"”* The development of multi-
caloric measurement devices is important as the cross-coupling of
the different subsystems can be investigated, and the use of a high
magnetic field and large uniaxial load is beneficial since the caloric
properties for a complex first-order phase transition can be investi-
gated to gain a better fundamental understanding of the process.

This study developed a home-built multicaloric test bench
with a pulsed-magnetic field and uniaxial stress as external stimuli
to determine the multicaloric effect in materials with magneto- and
elastocaloric effects. The test bench is designed to enable a sequen-
tial application of the external stimuli to realize the six-step multi-
caloric cooling cycle to exploit the thermal hysteresis. The device is
used to determine the reversible multicaloric effect of FeRh, which
undergoes a first-order phase transition from the low-temperature
antiferromagnetic (AFM) to high-temperature ferromagnetic
(FM) phase.

ARTICLE pubs.aip.org/aip/jap

Il. EXPERIMENTAL DETAILS

We choose FeRh as a benchmark material to determine
the multicaloric effect in the newly developed multicaloric test
bench with sequentially applied pulsed magnetic field and uni-
axial stress. The FeRh sample was synthesized by arc-melting
and subsequent suction casting into a rod with a diameter of
5mm. The sample was heat-treated at 1273K for 72h for
homogenization, followed by quenching in water. The chemical
composition Fes;Rhyg was determined by energy dispersive
x-ray spectroscopy (EDX). For the multicaloric measurements, a
cylinder with a height of 10 mm was cut from the center of the
rod. The bottom and top surfaces of the cylinder were polished
to ensure plane-parallel surfaces.

The temperature-dependent magnetization M(T) measure-
ments were performed in a PPMS (Physical Property Measurement
System) with a maximum magnetic field of 14 T. A vibration scan-
ning magnetometer (VSM) was used to determine M(T) under
cooling and heating with a rate of 1 Kmin~! for the fields of 0.1, 1,
2, 5, and 10 T. The transition temperatures for forward and reverse
first-order transitions were determined by the tangent method
explained in Ref. 28.

The magnetic-field induced adiabatic temperature change
AT,q without mechanical load was determined using a purpose-
build magnetocaloric test bench with a rotating double Halbach
permanent magnet array with a sinusoidal magnetic-field profile
and a maximum field of 1.93T. The temperature change of the
sample was obtained by attaching a differential type T thermocou-
ple and ice-water as the temperature reference. A detailed descrip-
tion of the device can be found in Ref. 8 and its supplementary
material. The measurements were performed using a discontinuous
protocol where the sample was heated up to 310K and, subse-
quently, cooled down to 255K in zero fields. After this heating-
cooling cycle, the sample was heated to the start temperature of the
AT,q measurement. The protocol was used to ensure a defined
initial state.

A new multi-stimuli test bench was designed to measure the
multicaloric temperature change under the sequential application
of a pulsed magnetic field and dynamic uniaxial load. The multi-
stimuli test bench is shown in Fig. 2 combining an INSTRON
universal testing machine to apply the uniaxial load up to 30 kN
and a pulsed-field solenoid to generate a field of up to 9 T. The
sample and the solenoid were located within an INSTRON envi-
ronmental chamber, which controlled the temperature of the
experiment. It allowed varying within a temperature range
between 250 and 350 K. The pulsed magnetic field was generated
by an in-house-developed non-destructive solenoid produced at
Dresden High Magnetic Field Laboratory (HLD), a Member of
the European Magnetic Field Laboratory (EMFL), Helmholtz—
Zentrum Dresden-Rossendorf (HZDR). The field solenoid can
generate high magnetic fields up to 9 T with a duration of 2.1 ms
and requires no active cooling. A capacitor bank with a maximum
voltage of 3kV was used. The pulse profile and additional infor-
mation are given in the supplementary material. The uniaxial load
was applied via an INSTRON 5967 universal testing machine with
a static load cell of maximum 30 kN. The sample was mounted
between the upper and the lower punch in the center of the
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FIG. 1. Serial multicaloric cooling cycle using a magnetic field and uniaxial load as external stimuli. The thermal hysteresis of the multicaloric material prevents a reverse
transformation after the external stimuli are removed, enabling a thermal exchange without applied stimuli. The two individual caloric effects are non-synergic.
solenoid. A type K thermocouple determined the sample tempera- 11l. RESULTS AND DISCUSSION
ture, and the pulsed field was determined bY a plck—u.p c011.. The A. First-order phase transition in FeRh
time-dependent sample temperature and the induced signal in the
pick-up coil were measured using a YOKOGAWA DL850E signal We performed temperature-dependent magnetization mea-
recorder and an oscilloscope. All wires have been twisted to sup- surements M(T) to determine the shift of the first-order magneto-

press parasitic induction signals. structural phase transition (FOMST) with the externally applied
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FIG. 2. Multistimuli test bench combines an INSTRON universal testing machine to apply a uniaxial load and a solenoid to generate a pulsed magnetic field. The sample
and the solenoid are located within an INSTRON environmental chamber, which controls the set temperature of the experiment.

magnetic field. Figure 3(a) shows the M(T)-curves for the FeRh
sample in fields of 0.1, 1, 2, 5, and 10 T. The FOMST from the
high-temperature ferromagnetic phase to the low-temperature anti-
ferromagnetic phase shifts toward lower temperatures for increasing
magnetic field. The start and finish temperatures of the forward
(Tarmstart and Tapm finish) and reverse transformations (Temstart and
TrM,finish) are shown in Fig. 3(b), the shift of the FOMST is deter-
mined by a linear fit of the critical temperatures indicating a shift
of —9.0KT™' for the FM-to-AFM phase transformation and a
shift of —9.8 KT™! for the reverse transformation; these values fit
the field sensitivities reported in the literature.”””" However, it
needs to be considered that the transition temperature and thermal
hysteresis are very sensitive to the chemical composition, doping,
heat treatment, and external pressure.‘”_39

The difference in field sensitivity for the forward and
reverse transformations leads to an increase of the thermal hys-
teresis with increasing field, namely, 24K in 0.1 T and 32K in
10 T. This effect is known from the literature and relates to the
increase of ferromagnetic contribution at lower temperatures.*’
A transition width of about 8 K can be estimated by |Tapmstart —
TAFM,ﬁnish| and |TFM,start - TFM,ﬁnish‘- Due to the Strongly
flattened transformation at the beginning and end of the trans-
formation, this estimate is more of a minimum value of the
transformation width. If the flattening curves at the beginning
and end of the transformation are considered, a transformation
width of 25-35K can certainly be assumed. In this case, the
transition width and the thermal hysteresis are similar; this

aspect will be important in the further discussion of the caloric
effect in a pulsed magnetic field.

B. Caloric effect using single stimulus: Magnetic field

The magnetocaloric effect for a single stimulus is determined
by direct measurements of the adiabatic temperature change AT,4
in an applied field of 1.9 T. The magnetic-field profile of the rotat-
ing nested Halbach array is shown in Fig. 4(a). AT,y measurements
are determined in a temperature interval between 258 and 308K,
using the discontinuous measurement protocol (see Sec. II).

Figure 4(b) shows the field-dependent AT, for the tempera-
tures closest to Tgystart at O T. The drop of AT,q4 appears after the
critical field is reached. The critical field depends on the initial tem-
perature where the measurement is started and increases for the
decreasing initial temperature. With the increasing field, much of
the FeRh AFM phase is transformed into the FM phase; however,
due to the large transformation width, a complete transformation
cannot be induced by a field of 1.9 T. The highest phase fraction
and, therefore, the highest |AT,q4| can be induced at an initial tem-
perature of 289.89 K, which is closest to Tgpsart at OT. For
291.86 K, a lower |AT,q| is determined since this initial temperature
is higher than Trygare at 0 T and a certain phase fraction is already
transformed, and the applied magnetic field can only induce the
remaining phase fraction. For demagnetization, |AT,q| decreases
further due to the conventional magnetocaloric effect of the FM
phase. After the field is removed, the temperature of the FeRh
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sample decreases between —4.75 and —6.73 K, depending on the require an external field with a strength between 2.8 and 39T.

start temperature. The largest decrease of the temperature differ- In the second step, the thermal hysteresis ATy, prevents a
ence before and after applying the magnetic field AT,ferp is reversible transformation when the field is removed. If
observed when the starting temperature is equal to Temstart- The AThyst > Hull Trans - dTeMstart/dH, the transformation would be
fact that the largest |AT,q| is observed after the magnetic field is entirely irreversible. For 0 < AThyst < Hull Trans - dTeMstart/dH, the
removed to 0 proves that the transformation is irreversible due to removal of the field would lead to a partially reversed transforma-
the thermal hysteresis. Figure 4(c) shows the temperature difference tion. To induce a fully reversible transformation, additional field

before and after applying the magnetic field AT,qer g as a function strength H pags hyst has to be applied to overcome ATy

of the initial temperature. The largest |ATer | can be observed in

the vicinity of Tpmsart at 0 T. The decrease of |ATyger | above and ATy

below Trpmtart at 0 T is related to the insufficient applied magnetic- H pass hyst = m

field strength to induce a full transformation and the already par- FMstart

tially transformed sample, respectively. For temperatures above

TrMfinish at 0 T, no transformation can be induced at all. For the FeRh sample, ATy is 24-32K and dTpvj/dH is
The AT,q measurement in the rotating nested Halbach magnet —9.0KT™; therefore, H poss hyst is 2.7-3.6 T. A complete reversible

shows that the demagnetization of the sample does not reverse the transformation, there.fore, would  require an applied field

transformation. This is important for the adiabatic measurement in ~ H full Trans + H pass hyst with a field strength of 5.5-7.5T.

2

the pulsed magnetic field since the field duration of the pulsed Therefore, a ﬁeld.strengﬂl of 3T is usefi for the temperature
magnetic field is too fast for the response time of the thermocouple. change measurement in the pulsed magnetic field to ensure full
Therefore, only the temperature difference before and after the transfo‘rmation.during magnétize%tion and exclude the reverse trans-
pulsed magnetic field is determined, and a reverse transformation formation during demagnetization. Figure 5(.21) shows tl}e time-
during demagnetization has to be prevented. The magnetic-field dependent temperature change T — Ti— for different starting tem-
strengths for a complete irreversible and reversible phase transition ~ peratures 275.6, 280.6, 285.3, 290.2, and 295.9 K. The pulsed field
can be estimated from the thermal hysteresis, the transformation of 3T is applied after 0.15, and the gray area marks the pulse dura-

temperature, and the determined shift of the phase transition in the .tion. The temperature of the sample decreases as soon as Fhe field
field, measured in Fig. 3. The first step is a complete transformation is applied, and the AFM-to-FM phase transition is induced.

of the material by applying the magnetic field Hgy1rans. The However, a delay in the temperature response is observed because
required field depends on the transition width |Tenstart — TeM.fnish] the thermal coupling between the sample and the thermocouple 3
and the shift of the transition temperature with applied field attached to the sample surface is limited. This leads to a delay in g
dTemj/dH (j=start, finish) the temperature measurement by approximately 0.2s. After 0.3s, §
’ T — T, is constant and both the sample and thermocouple reach 3,
H _ | Temstart — Tentfinish| ) thermal equilibrium. S
full Trans |dTenj/dH]| The ATyfer o as a function of the initial temperature is shown §
in Fig. 5(c). Compared with AT,  determined in 1.9 T, the tem- §

For the FeRh sample, |Trmstart — Trmfinish| is 25-35K and perature change in the 3T pulsed magnetic field reaches a

dTpmj/dH is —9.0KT™!, and a complete transformation would minimum value of —7.5K in the temperature range between 285
a) b) o
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FIG. 5. Temperature change T — T;— as a function of time for (a) 3T and (b) 9T field pulse for different starting temperatures. The gray area shows the time duration of
the pulsed field. (c) ATaser 1 @s a function of starting temperature for 3 and 9 T pulsed fields and 1.9 T Halbach magnet.
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and 290 K. This indicates that a field of 3 T can induce a complete
transformation. For temperatures higher than 290 K, the sample is
already partially transformed before the pulsed field, leading to a
lower |ATyfier p|- For temperatures below 285 K, the field strength of
3T is insufficient to induce a complete transformation. As the criti-
cal field to induce the phase transformation increases with the
decreasing initial temperature, |AT,ger g| exhibits a reduction when
the initial temperature is lower. However, compared to the field of
1.9 T, the pulsed field of 3 T can induce a transformation at a lower
temperature.

For 3T, a complete and irreversible transformation is
observed, and a further increase in the magnetic field strength will
not lead to a higher temperature change after the pulsed field. To
confirm this, the temperature measurements before and after the
pulsed magnetic field are also determined for a field strength of
9T. Figure 5(b) shows ATyger g for the 9T pulses. Similar starting
temperatures, as for the 3 T pulses, are chosen for a better compari-
son. ATyper g Of 9 and 3T are comparable. One exception is the
temperature change for 275.6 K [Fig. 5(a)] and 275.1 K [Fig. 5(b)],
but the slight variation of the initial temperature can explain this.
AT,fer g for 9T as a function of the initial temperature is shown in
Fig. 5(c). As assumed, the ATyger g(T)-curve for 3 and 9 T overlap.
A maximum temperature change before and after the pulsed field
of —7.5K is determined for a start temperature between 285 and
290 K. Similar ATfer  values are also found in the literature.*”*!
However, in the literature, mainly the maximum adiabatic tempera-
ture change |AT,q| is determined, while in this study, the tempera-

ARTICLE pubs.aip.org/aip/jap

effect of a reverse transformation during demagnetization. Since
the effect is not excluded for AT,qer 1, the max. AT,q(T)-curve in
the literature and the AT,ger y(T)-curve in this study slightly vary.
For the ATger n(T)-curve, no broadening of the peak toward the
lower temperature is observed for 9T, in comparison to the
ATyfter y(T)-curve in 3T. Such a broadening is only observed
for the AT,4(T)-curve determined at the maximum field excluding
the reverse transformation, which is, for example, shown in
Refs. 18, 26, 40, and 42.

C. Multicaloric effect using two stimuli: Magnetic field
and uniaxial load

To determine the multicaloric effect, a sequential application
of a 3T field and a uniaxial load of 600 MPa is applied for several
start temperatures using the newly developed multi-stimuli test
bench described in Sec. II. The subsequent discontinuous heating-
cooling protocol is used to set the start temperature, and a sequen-
tial application of three field pulses and two stress applications is
carried out. Figure 6(a) shows schematically the sequential multi-
stimuli cycle; both stimuli are applied under adiabatic conditions.
The temperature change as a function of time for a start tempera-
ture of 280 K is shown in Fig. 6(b). The first applied field pulse led
to a field-induced AFM-to-FM transformation and a magneto-
caloric effect of —4.7 K. After the pulse, the sample warms until the
initial start temperature is reached. After the sample has reached
the thermal equilibrium, the first application of uniaxial stress is

ture after the pulsed field is determined. The max. |AT,q| values are performed, and the sample undergoes the reverse FM-to-AFM
determined at the maximum field,'>**" and this excluded the transformation with an elastocaloric effect of 2.4 K. The sequential
a) o @ c) d)
k%) ) 3 3 1t
2 -oub) 1st stress
b) 2 2| 2nd stress
3L stress o =600 MPa
| 2nd stress 1t
2 1st stress
o=700MPa | Tt = 280K
1 pH=3T pH=3T
<o - 1F 3rd pulse
@ 3rd pulse
= - 2F
~
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FIG. 6. (a) Schematics of the sequential application of a pulsed field and uniaxial stress for the sequential multi-stimuli cycle. (b) Temperature change T — T;—y as a func-
tion of time for the sequential application of a 3 T pulsed field and 700 MPa uniaxial stress. (c) Maximum temperature change after the adiabatically applied stimuli for
each pulsed field and applied stress as a function of the starting temperatures. (d) Maximum temperature change after multiple stimuli at a starting temperature of 280 K, a

3T pulsed field, and different uniaxial stresses.
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application of pulsed-field and uniaxial stress is repeated with, for
the second iteration of applied field and stress, a magneto- and
elastocaloric effect of —2.3 and 1.9K is induced, respectively. A
third pulsed field is applied, leading to a magnetocaloric effect of
—2.0K.

This sequential application of multi-stimuli is performed
for different start temperatures between 275 and 290K for an
applied field of 3T and a uniaxial stress of 700 MPa. Figure 6(c)
shows the temperature change after different stimuli. For all start
temperatures, a reduction of the magnetocaloric effect after the
first applied pulsed field is present, indicating that a part of the
sample is not transformed by the second stimulus (first stress
application). During further cycling, the magneto- and elasto-
caloric effects saturate, and only a minor reduction of the caloric
effect can be determined between the second and third pulsed
fields and the first and second stress applications. Multicaloric
measurements of ten cycles show that the multicaloric effect sat-
urates after the second multi-stimuli cycle; more information is
provided in the supplementary material. The reduction of the
magnetocaloric effect after the first pulse field application is also
present for multicaloric measurements at different uniaxial
stresses. Figure 6(d) shows the magneto- and elastocaloric effects
for a multi-stimuli cycle at 280 K using a pulsed field of 3 T and
a uniaxial stress between 0 and 700 MPa. In addition to the
reduction of the magnetocaloric effect after the first field appli-
cation, an increase in the elastocaloric effect with increasing
applied stress can be observed, indicating that with increasing
stress, a higher phase fraction of austenite can be transformed
into the low-temperature AFM phase. Meanwhile, an increase in
the elastocaloric effect with increasing applied stress is expected.
The reason for the reduction of the multicaloric effect after the
first field application requires further research. However, one
reason for this reduction can be a difference in the low-
temperature AFM phase before the first and second pulsed field
applications. Before the first field pulse, the discontinuous
heating-cooling protocol was used to reach the starting tempera-
ture of the measurement; the low-temperature AFM phase is
thermally induced without the pressure of stress or field. For the
second field application, the AFM phase is induced by applying
stress, which can result in a microstructural configuration differ-
ent from that of the thermally induced one. The stabilization of
the multicaloric effect after the third cycle is comparable to a
minor loop, which is observed in caloric cycles with only one
stimulus.”’

The difference between a minor loop in a sequential multi-
stimuli cycle and a single-stimulus cycle is that an alternation of
the pulsed magnetic field and uniaxial stress must always be
applied. In case the field is applied twice, no phase transforma-
tion will be induced during the second application of the field,
and no caloric effect will be observed. Such a sequence with two
field pulses directly after each other is shown in the
supplementary material. To regain a caloric effect for the pulsed
field, the transformation has to be reversed by applying uniaxial
stress. This shows that the thermal hysteresis prevents a reverse
transformation after the pulsed field, and a cyclic caloric effect
can only be induced by the combination of both stimuli, pulsed
field, and uniaxial stress.
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IV. CONCLUSION

This study shows that a sequential application of a pulsed
magnetic field and uniaxial stress leads to a reversible multicaloric
effect in FeRh, despite large thermal hysteresis, which would
prevent a reversible magnetocaloric effect for a single-stimulus
cycle. The benefit of the multicaloric cycle lies in the exploitation
of the thermal hysteresis, which makes it also possible to use
pulsed magnetic fields as magnetic stimuli and gain a reversible
caloric effect for materials with the first-order transition. However,
the combination of thermal hysteresis, sensitivity of phase transfor-
mation with the applied stimulus, and the transition width has to
be properly adjusted with the strength of the applied stimuli to
ensure a complete phase transformation and exclude a reverse
transformation when the stimulus is removed. The used FeRh
sample with a thermal hysteresis of ~28 K and a transition width
of ~30K fulfill this requirement, and a pulsed-field of 3 T leads to
a complete but irreversible transition, and a magnetocaloric effect
of —7.5K in the vicinity of the first-order transition. The develop-
ment of the multi-stimuli test bench opens up new possibilities for
determining the multicaloric effect and is, to the best of our knowl-
edge, the only test bench enabling a sequential application of a
pulsed magnetic field and uniaxial stress.

SUPPLEMENTARY MATERIAL

The supplementary material includes further information on
the magnetic-field profile of pulsed-field solenoid, the cyclic multi-
caloric effect for multi-stimuli, and the proof of concept of exploit-
ing the thermal hysteresis by the six-step multi-stimuli cycle.
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